FOIA EPA-HQ-2018-0005849

To: MecKittrick, Alexis[McKittrick.Alexis@epa.gov]

From: Ramon Alvarez

Sent: Fri 2/5/2016 6:57:50 PM

Subject: RE: meeting on Hi-Flo Sampler with Touche Howard

Thank you!

From: McKittrick, Alexis [mailto:McKittrick. Alexis@epa.gov}]

Sent: Friday, February 05, 2016 12:56 PM

To: Ramon Alvarez; lisa.song@insideclimatenews.org; nancy@ncwarn.org; terri.shires@aecom.com
Subject: Fwd: meeting on Hi-Flo Sampler with Touche Howard

Sent from my iPhone

https://epawebconferencing.acms.com/r2tk2tdpn9x/

From: Weitz, Melissa

Sent: Wednesday, December 23, 2015 4:35 PM

To: Weitz, Melissa; DeFigueiredo, Mark; Waltzer, Suzanne; McKittrick, Alexis;
Macpherson, Alex; Moore, Bruce; Thoma, Eben; Thompson, Lisa; Hambrick, Amy; Banks,
Julius; Irving, Bill

Cc: Howard, Jodi

Subject: meeting on Hi-Flo Sampler with Touche Howard

When: Friday, February 5, 2016 1:30 PM-2:30 PM.

Where: DCRoomWJCS4228A0AP/DC-OAR-OAP

A hold for now. We probably don’t need everyone to attend/call in. We'll sort it out as we
get closer to the date.
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This e-mail and any attachments may contain confidential and privileged information. If you are not the intended recipient, please notify the
sender immediately by return e-mail, delete this e-mail and destroy any copies. Any dissemination or use of this information by a person other
than the intended recipient is unauthorized and may be illegal.
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To: allen@che.utexas.edufallen@che.utexas.edu]; McKittrick, Alexis[McKittrick.Alexis@epa.govl;
terri_shires@aecom.comiterri_shires@aecom.comj;
matt.harrison@aecom.com[matt.harrison@aecom.com}; Weitz, Melissa[Weitz.Melissa@epa.govl;
Gunning, Paul[Gunning.Paul@epa.gov]; McCabe, Janet{McCabe.Janet@epa.gov]

Cc: RAlvarez@edf.org[RAlvarez@edf.org]; shamburg@edf.org[shamburg@edf.org]; Fernandez,
Roger[Fernandez.Roger@epa.gov]; rharriss@edf.org[rharriss@edf.org];
matt.harrison@urs.com{matt.harrison@urs.com]; ritterk@api.org[ritterk@api.orgl;
dnelson@edf.org[dnelson@edf.org}]; sedlak-office@est.acs.org[sedlak-office @est.acs.orgl;
dmccabe@catf.us{dmccabe@catf.us]; diyon@edf.org{dlyon@edf.org}];
dave.maxwell@urs.com[dave.maxwell@urs.com]; dschroeder@catf.us[dschroeder@catf.us];
dzavala@edf.org[dzavala@edf.org]; Chuck Kolb[kolb@aerodyne.com]; Gamas,
Julia[Gamas.Julia@epa.gov]; linda.lee@arb.ca.gov]linda.lee@arb.ca.gov};
bmordick@nrdc.org[bmordick@nrdc.org]; amrowka@arb.ca.govlamrowka@arb.ca.govl;
adam.pacsi@chevon.com{adam.pacsi@chevon.com];
casey.pickering@erg.comcasey.pickering@erg.com}; Wisetiawa@arb.ca.gov[Wisetiawa@arb.ca.govj;
Smith, James-D[Smith.James-D@epa.gov]; Snyder, Jennifer[Snyder.Jennifer@epa.govl;
paige.sprague@tceq.texas.com[paige.sprague@tceq.texas.comj;
michael.ege@tceq.texas.govimichael.ege@tceq.texas.gov]

From: Touche Howard

Sent: Wed 12/9/2015 10:24:49 PM

Subject: Draft Email to Dave

Howard Energy Science and Engineering Analysis of UT Data Set 2015.pdf

ES&T Comment on Allen et al. Methane Emissions from Process Equipment.pdf

Dave Allen Response to ES&T Letter.pdf

Touche Response to Dave Allen Comment in ESE Submitted 09 10 2015.pdf

Dave --

Now that the EPA is considering using your initial EDF study at production sites (published in
PNAS in 2013) and your follow-up study on pneumatic controllers (published in ES&T in 2014),
it's critical that we resolve the Hi-Flow sensor failure and other quality assurance issues
surrounding those studies as soon as possible. The quickest way to do that is for us to directly
discuss these issues with EPA, and I think once you understand the evidence, you'll be able to
see the problems immediately. To that end, let's try to get together tomorrow or Friday.

(Melissa and Alexis - I can come up and meet with you either day, and if Dave can't make it, he
can call in.)

My biggest concern is safety -- having an instrument that reports natural gas leaks far lower than
they actually are is clearly a huge safety issue, and as long as you tell people that this problem
didn't occur in your work, it will be very hard for anyone to take it seriously. Meanwhile, for
you and EPA, this also represents important health and environmental concerns. And of course
since you were chair of the EPA Science Advisory Board while you were conducting this
research, and the Hi-Flow sampler is one of the methods approved by EPA to make
measurements for their greenhouse gas reporting program under Subpart W, I'm sure you feel a
special responsibility to address these issues as soon as possible.

I've attached my ESE paper outlining the problems in your initial 2013 production study as well
as my letter and your response about the 2014 study. I've also attached a reply that I wrote in

response to your commentary on my paper in ESE, because even though you withdrew that
commentary after seeing my response, I think my response did clarify some of the issues.
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Since we unfortunately haven't had an opportunity to discuss these issues directly, I'll summarize
the evidence here and what I believe are your counterpoints, based on your reviews of my paper
and the commentary you submitted. I also want to allay your concerns, which you've stated to
others, that I'm raising these issues because I want to sell my own samplers or services. I'm only
wrapping up loose ends now, and after this I won't be working in this area any more.

The first issue is sensor transition failure in the Bacharach Hi-Flow Sampler (BHFS), where it
can fail to transition from the low range (0 to 5% gas) catalytic oxidation sensor to the high
range (5 to 100% gas) thermal conductivity detector, which can cause the sampler to report large
leaks as being much smaller that they are. We don't know why this happens, but there's no
question that it can, because we demonstrated it in three different instruments, including yours.
It doesn't seem to occur for pure methane streams, but we've seen it in the field for gas streams
with methane content as high as 91% (J. Air Waste Manag. Assoc. 65:856-862. doi:
10.1080/10962247.2015.1025925).

The effect of this problem is clear in your Phase I data, which I've plotted below showing
emission rate as a function of site methane composition. As you can see, most of the high
emitters only show up at sites with high methane compositions, and there's no reason that should
happen in the real world, especially when you consider that it occurs for several different types
of sources.
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Now I believe your counter argument is that this phenomenon is due to air pollution control
regulations reducing emissions in the Rocky Mountain region, where the methane content of the
gas is lower as well. However, several things tell us that's not the cause of the trend in the figure
above. First, even when you take the Rocky Mountain region out of the analysis, there's still far
more high emitters at sites with higher methane content. Second, even within just the
Appalachia region, the occurrence of high emitters increases dramatically over a very narrow
range of site methane compositions, from 95% to 98% methane (shown below). What that tells
us is that sampler can start seeing some of the high emitters once methane composition is in the
range of 95%, but is still missing a lot of them until methane composition gets up to the 97 to
98% range. This is also an extremely important indicator that this problem could be occurring
even for gas streams with methane content above 95%, meaning the problem could occur in all
segments of the natural gas industry.

ED_001785E_00002035-00003

ED_001785E_00002035



FOIA EPA-HQ-2018-0005849

n=39
25% 23.1% > 0.4 scfm

20%

15%

n=171
10% 8.8% > 0.4 scfin

n=32

5%, 3.1% > 0.4 scfm

Percent Occurence of Emitters > 0.4 scfm

0%

>95%1t0<97% =297 % to <98% > 98%
Wellhead CH, Concentration

Finally, your emissions measurements made by tracer technique confirm that sensor failure
occurred and that the trend of emission rate vs concentration is not caused by regional
differences. Now, in your comment you said you found my analysis of your tracer data complex,
probably because I showed how Hi-Flow measurements got lower and lower than the tracer
measurements for sites with fewer estimated emissions from sources like tanks. So I've
simplified that analysis, and just removed the two sites that had 98% or more of the emissions
estimated as opposed to measured. This comparison of the tracer versus on site Hi-Flow
measurements is shown below.
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So clearly, as you've suggested, there are regional differences, assuming these sites are
representative. The tracer data shows that the emissions from sites in the Rocky Mountain (RM)
region are lower than the sites in the Mid-continent (MC) region, although in the same range as
75% of the Appalachia (AP) sites. But just as clearly, the sites with lower methane content
(Rocky Mountain and Mid-continent, where sensor failure might occur consistently) have far
lower (about a factor of two) Hi-Flow measurements than the tracer technique. Meanwhile, the
sites with high methane content (Appalachia, where the problem isn't expected to occur) have Hi-
Flow measurements close to or exceeding the tracer measurements. Keep in mind that because
some of the on-site data comes from estimates, this masks the magnitude of the error, but at least
this is a simple comparison.

Now if the variations between the tracer and the Hi-Flow were due to random experimental
errors, then we'd expect roughly 50% of the sites to have tracer greater than Hi-Flow, and 50%
lower. It's actually a 70/30 split, but the remarkable thing is that we can predict which region
will have tracer greater than Hi-Flow and which won't. This is pretty much the same thing as me
being able to walk into a bar and betting the barmaid that if [ stand on her side of the bar and flip
a coin it will always come up heads, but if [ stand on my side of the bar and flip a coin, it will
always come up tails. And in between drinks, we run that experiment, and it turns out that I'm
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right 16 out of 17 times.
Now that's a bar bet I'd like to be able to make routinely.

You also said in your unpublished comment to ESE that the testing I conducted on your
instrument and others in March of 2013 showed a low occurrence of this problem. That's true of
course, but I was surprised you said that, since you know that immediately after we did that
testing that I met with some very experienced Hi-Flow technicians who specifically told me that
they had fixed some of their samplers that had been reporting leaks too low by upgrading the
sampler's software. Since all of the samplers we tested when we tested yours had new generation
software, the only real surprise is that we saw any failure at all, and that failure was in your
sampler. So even though new software improves the problem, it doesn't fix it completely.
Additionally, there are lots of these samplers around the US and the world using older software,
and lots of data that has been collected using samplers prior to software upgrades.

One other argument you made was that your Phase I pneumatic data, made by Hi-Flow, was
higher than your Phase Il pneumatic data, collected by meter, and if your Hi-Flow had been
reporting too low, this should have been the other way around. The reason this isn't true is that
your Phase I pneumatic data is clearly an emitter data set (95% of them are emitting) while your
Phase II data set is a comprehensive data set (about 21% are actual emitters). So you
accidentally excluded sampling zero emitters in Phase I, which biases that data high by a factor
of four to five, and offsets any Hi-Flow sensor failure. Additionally, the Phase II data actually
shows exactly what I predicted to you it would show -- that the high emitters are more
predominant at sites with lower methane compositions when measured by the inline meter as
opposed to your Phase I measurements, where the sensor failure caused the high emitters at those
sites to be under reported.

In any case, I think this shows that it probably would have been better to involve me directly in
discussions you had with the EDF committees and others about this problem after I brought it to
you in October of 2013, because I could have explained immediately why the reasons you
thought this problem didn't affect your Phase I data were incorrect. It has been puzzling to me
that given the overwhelming evidence, that this problem wasn't obvious to you, but I'm
wondering if that might be due to inexperience with field measurements. As an example, in both
your Phase I and Phase II papers, you incorrectly describe the operation of the Hi-Flow sensors,
and without understanding that the Hi-Flow has to to switch back and forth between sensors to
make accurate measurements, it's probably impossible for you to understand the sensor transition
problem.

I'm wondering if inexperience might have also led to the problems in your Phase II work as

well. It's a harsh environment for meters to be transported between field sites on rough roads
and have raw natural gas run through them, and I think most people with experience in field
measurements would have built in a routine testing of those meters during the project, rather than
just check them before and after the project as you did. When you're out in the field looking at
pneumatics, you see lots of them with oil or other hydrocarbon accumulations, so it's easy to
picture how the meter sensor could get fouled, as yours did. I would think at least a weekly
multi-point meter calibration and a daily single point flow check would be required to ensure
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accurate measurements. which is what was done during the EDF WSU distribution work. The
Indaco Hi-Flows that were used in that project have a very similar flow measurement system to
your Fox meter, which is a thermal element in a tube, and even though the distribution study was
a much less harsh environment, where leaks of relatively clean distribution gas were measured
and the flow system dilutes those leaks with air before the gas hits the sensors, full scale weekly
calibrations and single point daily flow checks were conducted.

Now, as you remember, while that project was ongoing, I found that one of your two primary
meters was measuring too low by a factor of three. Well, that's not a surprise, given the harsh
environment. [ haven't used the particular meter that you were using before, but I did look at the
manual for it, and it clearly states that a dirty sensor will cause measurements to be too low.

But I think how you addressed that issue indicates further inexperience. Since you don't mention
the meter test [ made showing it was a factor of three too low in your paper, but only indicate
that you found the problem post project, it appears that you just kept using the meter, without
trying to figure out what was wrong with it, and without instituting any additional meter checks.

Instead, it wasn't until the end of the project that you did any further checks, and at that point the
response of the meter had changed again, to being low by about 34%. In order to understand
more about the problem, you tried to use your Hi-Flow data to validate the meter results. Now
your laboratory comparisons of the two for the most part are excellent and agree within 10%.
But surprisingly, your field comparisons of the Hi-Flow to the meters are far worse. For
measurements where either one or the other was >0.5 scfh, only 4 out of 19 (21%) are within
25%, and even for measurements >6 scth, only 3 out of 10 (30%) are within 25% of each other.
You do allude to the possibility of leaks affecting the measurements but don't give any indication
that you tried to quantify the leaks that you think affected the measurements.

For comparison, in the WSU distribution work, where direct and tracer measurements were
compared, 10 out of 14 (71%) were within 50% of each other, over a range of about 0.6 to 56
scth. Now I would have liked that to be better, but I think I understand some of the challenges,
one being that some of those that are far off are at really low emission rates, so missing just one
source could throw you off a lot. But keep in mind, that's measuring the whole M&R facility or
an underground leak, and comparing it to a downwind tracer flux measurement, so you have lots
of challenges including multiple measurements at the facility and tracer source configurations.

But for your pneumatic work, while doing a direct comparison of Hi-Flow to meters, for just
single sources, only 7 of 19 (37%) were within 50% of each other over a similar emission range
of 0.5 to 60 scth.

So unfortunately your comparison of High Flow to meters should not have been used to justify
correcting your meter, especially when my direct test of that meter's performance mid-project
showed it was much worse than the post project check indicated.

Another indication of the meter uncertainty came from Matt Harrison, who was present when I

found that your meter was reading a factor of three too low, and said at the time, "Yeah,
everyone knows that meter is flaky. You can hook it up to an pneumatic and hear the pneumatic
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fire but not see anything on the meter."

Now, along with the sensor getting dirty, your meter measurements might have been affected by
two other factors mentioned in the meter manual. These meters are supposed to be oriented
upright, and you need a certain length of straight run (I think for the meter you were using, six
inches) before the meter. However, it appears, looking at a slide from the presentation about the
project on your website shown below, that those conditions weren't met either. Although you
can see in the close up that the meter is marked with a label that says "Keep Upright and Level",
that condition hasn't been met in either configuration pictured. Additionally, the entrance length
doesn't appear to meet the required distance either.

Emlsswn measurement methods

‘ (measurements of gas entenng and/er leavmg the control!er)

upply hne measurements Exhaust measurements ‘
‘ -\(pnmarym asurement} ‘ (secondarnyC measurement)
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I think these issues were all compounded by perhaps your lack of experience with what
information editors and reviewers need to evaluate field measurement papers. Your meter
problem is only mentioned in a footnote on page 59 of your Supplementary Information, and was
likely missed by the editor and reviewers. But if reviewers with substantial field experience
understood the entire picture -- that you only checked your calibration before and after the
project, that there was an undisclosed mid project test showing meter performance was much
worse than the correction you applied, that after you were shown one meter was faulty in the
middle of the project that you simply continued to use it without finding out what was wrong or
instituting improved calibration checks, "that everyone knew that meter was flaky," and that your
Hi-Flow and meter field measurements don't compare very well -- I believe they would conclude
that you didn't meet the fundamentals of quality assurance and that the paper would have been
rejected.

So unfortunately neither the Phase I or Phase II data should be used by EPA. Although there
may be large uncertainties in inventories, we shouldn't include numbers that have such large
question marks. Think about cancer treatments. Those have very uncertain outcomes, but that
doesn't mean that we don't want good quality assurance in cancer research or in the dosages of
drugs or radiation therapy that are used. And when you consider the broad environmental impact
of air toxics to the communities surrounding oil and gas facilities as well as the consequences of
climate change, it's critical that we use the best data possible.

And as I said at the start, safety is my biggest concern regarding the HiFlow sensor failure, and I

think perhaps again inexperience has caused you not to fully appreciate what a critical safety

issue this is. I've spent a lot of time measuring leak rates at natural gas facilities, and I've seen
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facility personnel shut down units in order to address large leaks that we found due to safety
concerns -- ['ve done lots of leak measurement programs that were focused more on the integrity
of the facility rather than the issue of greenhouse gases. Additionally, we don't know how the
sampler might be used in the future -- for instance, given GTI's and WSU's work in distribution,
it might be used to rank leaks for repair in that segment (even though the WSU study used a
different version of the sampler not affected by this problem).

James Reason wrote a really great book about the Swiss cheese theory of disasters (Reason,
James (1997). Managing the risks of organizational accidents. Aldershot: Ashgate.

ISBN 1840141042.) which is widely studied in aviation, engineering, and the fire service. In it
he describes how the really terrible things that happen usually occur because there have been
failures on several levels, and those failures line up to let something really bad happen.

We had a terrible example of that happen here in North Carolina a couple of years ago. A couple
checked into a hotel, and the next moming they were dead. Seven weeks later, an 11 year old
boy died in the same room, and although his mother survived, she had permanent brain damage.

All of that could have been avoided, because they were killed by carbon monoxide. You might
have seen this on 20/20:

htto://abenews.go.com/US/morth-carolina-best-western-room-225-open-
deaths/story?id=21564280

Here's how it all lined up:
1) The hotel pulled an old pool heater out of another property and installed it at that hotel, even
though it was at the end of its life, meaning it was inefficient and was at risk for producing more

carbon monoxide, and they didn't get a city inspection permit;

2) The vent pipe was corroded, and let the CO escape under the room where everyone was
killed;

3) There were holes in the fire place in the room that let more CO in that would have come in
otherwise;

4) The CO detectors that were supposed to have been installed in the rooms were actually natural
gas detectors, installed by mistake.

So that's what killed the first couple.
But here's why the little boy died:

1) Three days after the couple was killed, a family in the room above got really sick, and
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complained, but the hotel didn't pay attention;

2) The family of the first couple raised warnings with the hotel and police that it might be CO
and again no one paid attention;

3) The medical examiner didn't visit the scene of the first couple and see that the wife had
thrown up (an important clue in CO poisoning)

4) He also didn't put an expedite order on their blood work, so it sat for 40 days (two people
simultaneously dead in an enclosed space -- a huge alarm bell for some toxic substance,
especially CO);

5) He finally got the results four days before the child died in the room, but;

6) He sat on them for a week and by the time he finally sent them out to the local police; the
child was had been killed and his mother permanently injured.

That's a tragic story, all right. And as you can imagine, the two families are suing everyone in
sight that had anything to do with any of that, and I would too if I had lost a family member.

Meanwhile, the DA also charged the head of the hotel management group with three counts of
manslaughter, and all of those cases are still on going.

That's just one example of how tragic things can happen when we don't do everything possible to
ensure people's safety. Butif you do just a little bit of research, you'll see how frighteningly
common that is.

So I know you'll want to address the Hi-Flow sensor failure issue immediately.

As I suggested at the start, let's do it this week. I can go up and meet with EPA tomorrow or
Friday, and if you can't be there in person, you can call in, and you can have any interested
parties from EDF or your production committees call in as well. i know everyone's busy, but this
won't take more than an hour, and I think we should all be willing to make that much time for
such a critical issue.

Just let me know when the best time for all of you is.

Thanks,

Touche'
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Response to Comment on “Methane Emissions from Process
Equipment at Natural Gas Production Sites in the United States:

Pneumatic Controllers”

oward" has provided comments on our report of methane

emissions from pneurmatic controllers at natural ges
production sites.? We disagree with the assertions mede in the
comment. The assertions include claims regarding sampling
methods and comparisons with other measurement studies. We
respond 1o each of these assertions below.

The primary assertions in the comment deal with our sampling
method and claim (1) sensor failure in our Hi-Flow instrument,
(2) faulty flow meters, and (3) resetting of mealfunctioning
pneurmatic controllers when we inserted flow meters to conduct
messurements.

(1) Sensor failure in the Hi-Flow instrument refers to a
potential failure of the HiFlow sampler to change between
its catalytic oxidation and thermal conductivity messure-
ment modes at approximately 5% hydrocarbon concen-
tration (—24 scf/h vent rate). To assess whether this
potential crossover failure impacted messurements in
Allen et al.? or our earlier work employing the
instrument, we conducted laboratory testing, field testing,
and additional analyses of field data.

Laboratory Testing: As documented in the Support-
ing Information for Allen et al.? prefield deploy-
ment laboratory testing of the sampler used in our
work (referred to here as the University of Texas
(UT) HiFlow sampler) demonstrated successful
crossover between the two measurement modes for
methane and a wet gas surrogate (70.5% methane
by volume).
Field Testing: The study team participated in a two-
day field test of several HiFlow samplers. Partic-
ipants in the field testing included our team, the
commenter, a consulting firm, an instrument
provider and consulting firm, and a natural ges
producer. During this field test, the UT HiFlow
sampler successfully crossed-over on sites with
methane concentrations in the produced gas
ranging from 77%-91%. Over 2 days of testing,
the UT HiFlow sampler crossed-over successfully in
all but one test; that test occurred at a site with a
produced gas containing 91% methane. Subsequent
examination of the instrument indicated that it had
lost calibration after losing power, then being
restarted by personnel not on our study team.
The sampling protocol in Allen et al.2 required a
calibration check each time the HiFlow sampler was
turned on. Once the calibration protocol was
followed, the HiFlow sampler resumed proper
operation.
Additional Analysis of Allen et al® Data: Infrared
(IR) video camera scans were taken on some sites
o ACS Publications

© XXXX American Chemical Society

)

during field work for Allen et al.,2 including for 118
of the 305 pneurmatic controllers (39%) sampled in
that work. These infrared camera scans were done
immediately upon arrival at the site and thus were
not exactly contemporaneous with the UT HiFlow
measurements. Nevertheless, if the crossover
problem were to have been prevalent, then the
expectation would be to find infrared camera scans
for which large legks were detected by the IR camera
but not measured by the UT HiFlow sampler. From
this subset of data, 5 of the 118 devices had
detectable emissions in the IR camera scan that
were not captured by the subsequent UT HiFlow
messurement. However, 7 of the 118 devices
without detected emissions in the IR scan were
found to have emissions between 0.2 and 5.0 scf/h
by the UT HiFlow sampler. A likely explanation for
these differences, based on the measurements we
report in Allen et al? (see Figure 1 in that
publication), is the intermittent venting pattern of
some pneurmatic controllers. Because of intermit-
tent venting, some controllers would be expected to
vent while being observed by the IR camerg, but not
when later being observed by the UT HiFlow
sampler, and vice versa. Owerall, the comparison
with IR camera data suggests that the UT HiFlow
sampler wes capturing the emissions from pneu-
matic controllers in its measurements.

From these laboratory measurements, field measure-
ments and additional analyses, we conclude that sensor
failure did not significantly impact the messurements
made with the UT HiFlow sampler in either Allenetal or
Allen etal®
Theassertion of faulty flow meters refers to the readings of
the flow meters being affected by deposits on the thermal
conductivity sensor that could occur during the field
campaign. These flow meters were inserted into thesupply
ges line of the pneumatic controllers during the field
campaign and were the primary source of data in Allen et
al2 While not anticipated prior to the study, our
observations in the field revealed that the supply ges to
some controllers had the potential to create deposits,
which can lead to controller malfunction as well a5
deposits on flow meters inserted into controller supply ges
lines. Poststudy testing revealed that these depasits did
occur on one of our flow meters (designated Fox A), but
not the other two meters (FoxBand C). Because we were
making measurements using both the UT HiFlow sampler
and the flow meters for asubset of controllers in the field,
we were able to identify the site at which a step change

DOI: 10.1021/acs.est 5600941
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occurred in the flow measurement performance of the Fox
A meter, due to deposits on the thermal conductivity
sensor. We applied a correction factor, based on pre-and
poststudy testing done in our laboratory, to the flow rate
measurements made by the Fox A meter after the deposits
occurred. Thisadjustment was documented in the dataset
we reported in the Supporting Information (Section 4,
particularly TableS4—4) for Allenetal 2 In the Supporting
Information, we describe the adjustment and flag every

controller messurement to which the adjustment wes
applied. Thus, we believe that we have corrected for the
impact that deposits on one of the flow meters had on our
messurements, in a transparent and well-documented
manner.

(3) Resetting of malfunctioning pneumatic controllers refers
to potential alteration of pneumatic controller behavior
due to the insertion of the supply ges meter. While this
cannot be ruled out as a possibility, we have no evidence
that this occurred. We believe that we minimized the
potential for this behavior by having a site operator,
familiar with the site and the controllers (rather then the
study team), insert the flow meter, while the study team
obsened the process. If there were a high pneumatic
controller bleed rate that became low or zero after the
connection, this should have been observeble by the
company operator and the field team through the audible
venting of the controller. After the flow meter was inserted,
the study team waited approximately 5 min before
collecting flow measurement data.

ll} comPARISON WITH OTHER MEASUREMENT

STUDIES
The comment makes comparisons between the data reported in
our field work? and measurements reported in previous
messurements by our team’ and messurements made by a
study conducted in British Columbia and Alberta* We caution
against making direct comparisons without correcting for
differences in sample sets and the wag in which controllers are
classified. Ve note that while our work” sampled all controllers at
conventional and unconventional natural gas well sites in many
production regions, the Canadian study was conducted in only
one production region and selected controllers with manufac-
turer reported bleed rates in excess of 4.2 standard cubic feet per
hour (scf/h). The Allen et al.® study sampled only relatively
young wells producing from shale formations. In addition,
classifications of controllers (such as intermittent) can be done
based measured emissions from the controllers (as in Allen et
al2) or based on the design of the controlier (as in the Canadian
study and our earlier work®), and there is a high degree of
variability in these clessifications. We have described these
differences in our report,? identifying and correcting for these
sampling diferences, and will not repeat those comparisons here.
We emphasize, however, that such comparisons must be done
with caution. Thecomparisons in the commentsdo not appear to
have accounted for the differences in sample populations.

David T. Allen*t
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Comment on “Methane Emissions from Process Equipment at
Natural Gas Production Sites in the United States: Pneumatic

Controllers”

llen et al. (2014) recently published measurements of
inatural ges (NG) emissions from pneurmatic controllers
(PCS) at NG production sites in the United States in ES&T."
Limitations to this work include (1) faulty flow meters; (2)
sensor failure in their Hi-Flow instrument; and (3) potential
reset of malfunctioning PCs when installing flow meters. These
problems could cause the authors’ emission estimates to be
underestimated by a factor of 3.

Most measurements were made by installing flow meters in
the supply ges lines of the devices, which required temporarily
turning off the supply gas. On March 18, 2014, in collaboration
with the authors, | tested these meters (designated Fox A and
Fox C) while the project wes underway. The Fox A meter read
an average of 65% lower than the Fox C meter (which agreed
with a rotameter to within 10%). The University of Texas (UT)
team replaced the meter cable, but problems persisted and the
Fox A meter was not tested further that day. The authors
continued using the Fox A meter during their program but
without incorporating the March 18 fest results; the authors
only noted that Fox A read 37% lower than Fox C during post
project calibration due to “condensation of an oily substance on
the sensor”. However, even with this correction, messurements
mede with Fox A were a factor of 2 lower than Fox C on March
18. Volatiles likely accumulated and dissipated on both meters
throughout the project; with calibrations only before and after
the project, and the large difference in Fox A’'s messurements
on March 18 compared to these corrections, the accuracy of
these meters is highly questionable.

Although the authors cite the agreement of five Hi-Flow
sampler and meter measurements for emission rates >6 scfh, at
lesst four of those comparisons were for Fox A. Additionally,
four of these comparisons were made at either the same or
nearby sites. Consequently, these comparisons primarily show
meter performance for ashort time frame and for one meter. In
contrast, all available comparisons of Hi-Flow and meter
messurements show on average the meters read only 71% of
the Hi-Flow measurements; removing one Hi-Flow messure-
ment that the authors thought low due to incomplete cepture
indicates on average the meters read only 58% of the Hi-Flow
messurements.

Also during the March 18 tests, the UT Bacharach Hi-Flow
sampler failed to transition between low and high range
sensors, underestimating emission rates by up to 2 orders of
magnitude? The instrument was recalibrated after this
occurred, eliminating this failure for the rest of that day, but
the performance of the instrument before and after our testing
is unknown. This could cause underestimates in the Hi-Flow
measurements made during this project’ and previously.

Finally, in my experience, manual actuation of malfunction-
ing PCs with high bleed rates may reset them to lower bleed
rates; turning the supply ges off and on to install meters might
have similarly reset devices. Figure 1 compares intermittent PC

o ACS Publications
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Figure 1. Intermittent pneumatic device emission rates measured by
meters and Hi-Flow Sampler. The lower pesk emitters observed in the
studies made by installing meters is likely due to resetting
malfunctioning controllers by turning the supply ges to devices off
and back on during meter installation.

bleed rat&s from three studies: Allen et al. (2013);® Prasino
(2013),* which also installed n‘eters and the study under
discussion; and Allen et al. (2014)." The two studies which
installed meters have significantly lower peak emitters than the
previous study done by Hi-Flow,> which did not require
stopping the supply gas. The current study’' noted that
intermittent PCs with bleed rates larger than 40.2 scth were
malfunctioning; only 1.3% of the intermittent PCs in (1) were
above this bleed rate compared to 11% in the previous study.®
Consequently, the scarcity of high emitters in the current
study’ is likely due to reset devices, because other factors, that
is, greater liquid production rates, would not be sufficient to
cause the greater occurrence of high emitters observed in (3).
The effect of these missing malfunctioning controllers can be
estimated by adding the emission rates for intermittent PCs
observed by (3) that are greater than the largest emission rate
for intermittent PCs observed in (1). This would increase the
average emission rate from intermittent PCs in the current
study by 81%. If the number of missing high emitters is
adjusted for the increased sample size of the current study
compared to (3), then the average emission rate would increase
by 208%.
Touche Howard*

Indaco Air Quality Services, Inc., Durham, North Carolina
27713, United States
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Introduction

Abstract

The University of Texas reported on a campaign to measure methane (CH,)
emissions from United States natural ges (NG) production sites as part of an
improved national inventory. Unfortunately, their study appears to have sys-
tematically underestimated emissions. They used the Bacharach Hi-Flow® Sampler
(BHFS) which in previous studies has been shown to exhibit sensor failures
leading to underreporting of NG emissions. The data reported by the University
of Texas study suggest their measurements exhibit this sensor failure, as shown
by the paucity of high-emitting observations when the wellhead gas composition
was less than 91% CH,, where sensor failures are most likely; during follow-up
testing, the BHFS used in that study indeed exhibited sensor failure consistent
with under-reporting of these high emitters. Tracer ratio measurements made
by the University of Texas at a subset of sites with low CH, content further
indicate that the BHFS measurements at these sites were too low by factors of
three to five.Over 98% of the CH , inventory calculated from their own data
and 41% of their compiled national inventory may be affected by this measure-
ment failure. Their data also indicate that this sensor failure could occur at
NG compositions as high as 97% CH,, possibly affecting other BHFS measure-
ment programs throughout the entire NG supply chain, including at transmission
sites where the BHFS is used to report greenhouse gas emissions to the United
States Environmental Protection Agency Greenhouse Gas Reporting Program
(USEPA GHGRP, US. 40 CFR Part 98, Subpart W). The presence of such an
obvious problem in this high profile, landmark study highlights the need for
incressed quality assurance in all greenhouse gas measurement programs.

Protection Agency (USEPA) estimates CH, emissions from
the NG supply chain by scaling up individual ground-level

The climatic benefitsof switching from coal to natural
ges (NG) depend on the magnitude of fugitive emissions
of methane (CH,) from NG production, processing, trans-
mission, and distribution [12, 13, 27]. This is of particular
concern as the United States incressingly exploits NG
from shale formations: a sudden increese in CH, emis-
sions due to increased NG production could trigger climate
“tipping points” due to the high short-term global warm-
ing potential of CH, (86x carbon dioxide on a 20-year
time scale) [19]. The United States Environmental

measurements, mostly collected by reporting from industry
[26]. However, some recent studies have questioned
whether these “bottom-up” inventories are too low, since
airborne measurements indicate that CH, emissions from
NG production regions are higher than the inventories
indicate [5, 14, 17, 20, 21].

In order to help determine the climate consequences
of expanded NG production and use, and to address the
apparent discrepancy in top-down and bottom-up meas-
urements, the University of Texas (UT) at Austin and the

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 1
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Environmental Defense Fund launched a large campaign
to measure CH, emissions at NG production sites in the
United States [1]. This study used both existing EPA GHG
inventory data and new measurements fo compile a new
national inventory of CH, emissions from production sites.
Forty-one percent of this new inventory was based on
measurements made by [1], which included measurements
of emissions from well completion flowbacksas well as
measurements of emissions from chemical injection pumps,
pneumatic devices, equipment leaks, and tanks at 150 NG
production sites around the United States already in routine
operation (measurements from tanks were not used for
inventory purposes). However, the measurements of emis-
sions at well production sites already in operation (which
comprised 98% of the new inventory developed by [1])
were made using the Bacharach Hi-Flow Sampler (BHFS;
Bacharach, Inc., New Kensington, PA) and recent work
has shown that the BHFS can underreport individual emis-
sions measurements by two orders of magnitude [10].
This anomaly occurs due to sensor transition failure that
can prevent the sampler from properly measuring NG
emission rates greater than ~0.4 standard cubic fest per
minute (scfm; 1 scfm = 1.70 m3 h™" or 19.2 g min™" for
pure CH, at 60°F [15.6°C] and 1 atm; these are the stand-
ard temperature and pressure used by the US. NG in-
dustry). Although this failure is not well understood, it
does not seem to occur when measuring pure CH, streams,
but has been observed in four different samplers when
measuring NG streams with CH, contents ranging from
66% to 95%. The sampler’s firmwareversion and elapsed
time since last calibration may also influencethe occur-
rence of this problem [10, 18].

This paper presents an analysis of the UT [1] emissions
measurements that were made with the BHFS, and shows
that high emitters (>04 scfm [0.7 m® h™']) were reported
very rarely at sites with a low CH, content in the well-
head ges (<91%), consistent with sensor transition failure.
It also details testing of the exact BHFS instrument used
in that study and shows the occurrence of this sensor
failure at an NG production site with a wellhead com-
position of 91% CH, (the highest CH, concentration site
available during testing). Finally, the downwind tracer
ratio measurements made by [1] at a subset of their test
sites are reexamined and indicate that the BHFS meeasure-
ments made at sites with low wellhead CH , concentrations
were too low by factors of three to five.

Evidence of BHFS Sensor Transition
Failure in the UT Dataset

The Allen et al. [1] UT dataset is unique due to the
large number of BHFS measurements made across a wide
geographic range, the variety of emissions sources

T. Howard

(equipment leaks, pneumatic devices, chemical injection
pumps, and tanks) and the wide range of NG composi-
tions (67.4-98.4% CH,) that were sampled. As such, the
UT study provides an important opportunity to evaluate
the occurrence of sensor transition failure in the BHFS
as well as the impact of this issue on emission rates and
emissions factors based on measurements in other seg-
ments of the NG supply chain.

The BHFS uses a high flow rate of air and a loose
enclosure to completely capture the NG-emitting from a
source, with the emission rate calculated from the total
flowrate of air and the resulting sample NG concentra-
tion, after the background NG concentration is subtracted.
The sampler uses a catalytic oxidation sensor to messure
sample concentrations from 0% to 5% NG in air, but
must transition o a thermal conductivity sensor in order
to accurately measure sample concentrations higher than
5%. It is the failure of the sampler to transition to the
higher range that has been previously observed by Howard
et al. [10] and which can prevent the sampler from cor-
rectly measuring emission rates larger than 0.3-0.5 scfm
(05-09 m3 h™) (corresponding to sampler flowrates of
6-10 scfm [10-17 m3 h™"]). Figure 1 summarizes data

100
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% Modrak etal. (2012)
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Figure 1. Occurrence of sensor transition failure in BHFS instruments
with natural gas of varying CH 4 content from field and lab testing and
from emission measurement studies (data from [10, 18]). NG
concentrations in the BHFS sampling system measured by the BHFS
internal sensor are compared to independent measurements of the
sample NG concentrations. The 5% NG sample concentration threshold
is the approximate concentration above which sensors should transition
from catalytic oxidation to thermal conductivity. BHFS, Bacharach Hi-
Flow Sampler; NG, natural gas.
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showing the occurrence of sensor transition failure in
several BHFS instruments during both fieldand laboratory
testing as well as an example of the failure that occurred
during an emission measurement study [10, 18].

Figure 2 presents the BHFS emission measurements
from [1] &s a function of percent CH, in wellhead gas
at each site. Figure 2 also shows a line corresponding to
emission rates of 0.3-0.5 scfm (0.5-0.9 m® h™"), which
represents the range of emission rates that would require
transition from the catalytic oxidation sensor to the ther-
mal conductivity sensor at sample flowsranging from 6
to 10 scfm (1017 m® h™").

As seen in Figure 2, there are very few measurements
in the thermal conductivity sensor range (above ~0.4 scfm
[0.7 m® h™]) at sites where the wellhead gas composition
of CH, is less than 91%, and this is true across all source
categories. Raw data for sample flowand concentration
from the BHFS were not provided in [1] supplemental
information, so for this analysis, an average BHFS sample
flowrate of 8 scfm (14 m 3 h™') has been assumed, which
is the lower of the two sampling flowsspecifiedby the
Bacharach operating manual [4]. At this sample flowrate,
an emission source of 0.4 scfm (0.7 m® h™") corresponds
with a sample concentration of 5% NG in air, above

5.0 @
@ Chemical injection pumps
4.5 #® Equipment leaks
4.0 @ Intermittent pneumatic devices
@ Low bleed pneumatic devices
2 335 #® Uncategorized pneumatic devices
bl oy,
2 30 B Tanks
& wane 5% NG Threshold at 6 to 10 scfm
§ 2.5
S
=4
=15
1.0
0.5
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Well head gas CH, content
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Figure 2. Emission rates of various sources measured by BHFS at NG
production sites versus CH 4 concentration of the wellhead gas (data
from [1]). The solid line indicates the maximum emission rate that could
be measured by the catalytic oxidation sensor only (i.e., in the case of
sensor transition failure). For sites with a NG composition greater than
91% CH,, 13.3% of the measurements are in the TCD sensor range,
assuming a sampler flow rate of 8 cubic feet per minute. For sites with
less than 91% CH 4, only 1.5% of the measurements are in the TCD
range. BHFS, Bacharach HiFlow Sampler; NG, natural gas; TCD, thermal
conductivity detector.

UT Study Underestimates Methane Emissions

which point the sampler would need to transition to the
thermal conductivity sensor to allow for accurate mees-
urements. For sites with CH, concentrations less than
91%, only four out of 259 measurements (1.5%) exceeded
04 scfm (0.7 m® h™), while for sites with CH,, concen-
trations greater than 91%, 68 out of 510 measurements
(13.3%) exceeded 04 scfm (0.7 m3 h™'). Consequently,
there were almost nine times fewer measurements in the
thermal conductivity range at sites with wellhead gas
compositions of <91% CH, (Fig. 2). If the sample flow
rate were 6 scfm (10 m® h™") (due to a flow restriction
or reduced battery power), the threshold for transition
to the thermal conductivity range would be 0.3 scfm
(05 m® h™); this would still mean that there were almost
seven times fewer measurements in the thermal conduc-
tivity range at sites with wellhead gas compositions of
<91% CH, than at sites with >91% CH,. Although it is
well known that a small percentage of NG emission sources
account for most of the total emissions from any given
population [9, 15, 25], it is unlikely that almost all the
significantemitters at NG production sites would occur
only at sites with well head gas compositions >91% CH,.
It is also unlikely that the emission rates of all of the
source categories surveyed by [1], which had diverse emis-
sion mechanisms such as equipment leaks, pneumatic
controllers, chemical injection pumps, and tanks, would
all have a ceiling of ~04 scfm (0.7 m® h™!) at sites with
lower wellhead gas CH, concentrations. Consequently, the
low occurrence of high emitters at sites with lower well-
head gas CH, concentrations in [1] indicates that sensor
transition failure occurred at sites with CH, content <91%
and is consistent with the BHFS sensor failure found by
Howard et al. [10].

Alternative Theories for the Emission
Rate Pattern

Other possible causes of the emission rate pattern in the
UT BHFS measurements were considered, including: re-
gional operating differences at production sites; lighter
ges densities resulting in higher emission rates; and im-
proved detection of emissions by auditory, visual, and
olfactory (AVO, eg., [24]) methods at sites with heavier
hydrocarbon concentrations.

Regional operating differences

Allen et al. [1] point out that air pollution regulations
in Colorado which required installation of low bleed
pneumatic devices in ozone nonattainment areas after
2009 might have led to lower emission rates in the Rocky
Mountain region, which also had the lowest average con-
centration of CH, in the wellhead ges. However, if the

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 3
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Rocky Mountain region is removed from the analysis,
the occurrence of emitters >04 scfm (0.7 m® h™") at
sites with wellhead gas <91% CH, wes still only four out
of 129 measurements (3.1%), while for sites with CH,
concentrations greater than 91%, there remain 68 out of
510 meesurements (13.3%) that exceeded 04 scfm
(0.7 m® h™") (there were no Rocky Mountain sites with
CH, >91%). Consequently, even if the Rocky Mountain
region is removed from consideration, the occurrence of
emitters >04 scfm (0.7 m® h™') was almost four times
less at sites with less than 91% CH, than at sites with
greater than 91% CH,, so air quality regulations in Colorado
do not appear to be the cause of the emission rate trend
shown in Figure 2.

Beyond air pollution regulations, other unknown regional
operating practices unrelated to CH, concentration might
coincidentally cause the apparent relationship of site CH,
concentrations with the occurrence of high emitters.
However, as shown in Figure 3, the increase in lesks
>0.4 scfm (0.7 m® h™") directly correlates with the incresse
in the average regional CH, concentration. Because there
are four regions and two variables (site CH, concentration
and the percent of leaks >04 scfm [0.7 m® h™']), the likeli-
hood that regional operating characteristics would coinci-
dentally cause the increase in occurrence of leaks >04 scfm
(0.7 m® h™") to mirror the increasing regional site CH,
concentration is only one in 24 (four factorial), or ~4%.
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Figure 3. Occurrence of equipment leaks >0.4 scfm in each region of
the [1] equipment leak data set. The odds of the occurrence of leaks
>0.4 scfm being positively correlated with site CH , concentration are
one in 24, which makes it unlikely this trend is due to regional operating
effects.

T. Howard

Other known operating characteristics of the regions, such
as average site pressure and average site age, are not related
to the occurrence of equipment leaks >04 scfm (0.7 m® h™):
average site pressures show no correlation, and average site
age is negatively correlated with the occurrence of equip-
ment leaks >04 scfm (0.7 m® h™").

Another argument against regional differences comes
from the air quality study conducted by the City of Fort
Worth ([6]; or the Ft. Worth study). Ft. Worth is part
of the Mid-Continent region definedby [1], where the
occurrence of equipment leaks only (as opposed to all
BHFS meesurement categories) >04 scfm (0.7 m® h™)
observed by [1] was 2.0% of the total equipment leaks
in that region. However, equipment leaks >04 scfm
(0.7 m® h™") were 9.9% of the equipment leaks measured
in the Ft. Worth study. This wes determined using the
Ft. Worth study categories of valves and connectors; their
remaining category of “other”, which included pneumatic
control devices, had an even higher occurrence of sources
>04 scfm (0.7 m® h™") of 27.0%. Previous work [10]
hes shown that although sensor transition failure likely
occurred in the Ft. Worth study, these incidents were
limited compared to those in [1]. Consequently, the much
lower occurrence of leaks >04 scfm (0.7 m® h™) in the
Mid-Continent region in [1] compared to the Ft. Worth
study indicates that sensor transition failure was responsible
for the low occurrence of emitters <0.4 scfm (0.7 m3 h™")
as opposed to regional differences.

Gas density

Wellhead ges with a lower CH, and a greater heavier
hydrocarbon content will be denser than gas with higher
CH, content. Since ges flowthrough an opening is in-
versely related to the square root of the gas density, streams
with lower CH, content would have a lower flowrate if
all other conditions were the same. However, this would
cause at most a 20% decreese for the lowest CH,/highest
heavier hydrocarbon streams compared to the highest
CH,/lowest heavier hydrocarbon streams observed in the
UT study. This would also result in a gradual increase
in emissions as CH, content incressed, as opposed to the
dramatic increese in emissions observed over a very nar-
row range of CH, concentrations (Fig. 2).

AVO detection

AVO methods might improve for ges streams with a
greater proportion of heavier hydrocarbons, since those
streams would have greater odor and might leave more
visible residue near a leak. However, Figure 4 presents
the occurrence of emitters >04 scfm (0.7 m® h™) as a
function of site CH, concentrations in the Appalachia

4 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 4. Occurrence of emitters >0.4  scfm as a function of site
wellhead gas composition in [1] for the Appalachia region. An emission
rate of greater than 0.4scfm would require the transition from catalytic
oxidation sensor to the thermal conductivity sensor for an average
sample flow rate of 8scfm. The dramatic increase in emitters >0.4scfm
over a harrow concentration range argues against the possibility that
auditory, visual, and olfactory leak detection is the cause of the emission
rate pattern seen in the [1] data set.

region alone. This region had the highest average CH,
concentration in wellhead ges of any of the regions sam-
pled in [1]. As seen in Figure 4, even over a very narrow
range of site CH, concentrations (from 95% to >98%
CHy), there is a dramatic increase in emitters >0.4 scfm
(0.7 m® h™") with incressing CH, concentration. It is
unlikely that AVO methods would become so much more
efficientover such a narrow range of high CH , concen-
trations where the ges streams are likely odorless and
would leave little residue. This dramatic increase in high
emitters at sites with high CH, concentrations within the
Appalachia region alone also argues against the previously
discussed regional operating differences hypothesis in gen-
eral, since this trend is within a single region. Additionally,
although the Rocky Mountain region surveyed by UT [1]
had the lowest average site CH, concentration (74.9%)
and heaviest hydrocarbon content, it actually had the
highest number of equipment leaks (of any size) per well
of all the regions, and there were 25% more leaks per
well in that region than in the Appalachia region, which
had the highest average site CH, concentration (97.0%)
and therefore the lowest heavier hydrocarbon content. If
AVO methods were more effective due to the presence
of heavier hydrocarbons, it seems unlikely the region with
the heaviest hydrocarbon concentrations would have the
highest rate of overall leak occurrences.

UT Study Underestimates Methane Emissions

Field Testing of the UT BHFS

Because the trend in the [1] data was consistent with
sensor transition failure in the BHFS and no other ex-
planation seemed plausible, | partnered with UT to test
the sampler used by [1]. During that field program, the
UT sampler had a version of firmwareearlier than ver-
sion 3.03, and older firmwareversions have been shown
to exhibit sensor transition failure [10]. However, the
possible effect of the sampler’s firmware version on the
sensor failure was not known before this testing of the
UT sampler, and at the time of my testing its firmware
had been upgraded to a custom version (3.04).

As previously explained, the BHFS uses a catalytic oxi-
dation sensor to measure sample stream concentrations
from 0% to ~5% NG, and a thermal conductivity sensor
for concentrations from ~5% to 100% NG. The catalytic
oxidation sensor is typically calibrated with 2.5% CH, in
air and the thermal conductivity sensor is calibrated with
100% CH, [4]. The manufacturer recommends sensor
calibration every 30 days, a process which adjusts the
response of the instrument. The calibration may also be
checked (“bump-tested”) periodically by the user, which
does not adjust the instrument response. It is important
to note that the description of the BHFS sensor operation
in the supplemental information of [1] is incorrect, as
they state that:

[A] portion of the sample is drawn from the manifold
and directed to a combustibles sensor that messures the
sample’s methane concentration in the range of 0.05-100%
ges by volume. The combustibles sensor consists of a
catalytic oxidizer, designed to convert all sampled hydro-
carbons to CO, and water. A thermal conductivity sensor
is then used to determine CO, concentration.

However, the BHFS manual [4] clearly states that the
catalytic oxidation sensor is used to measure concentra-
tions from 0% to 5% CH, and the thermal conductivity
sensor from 5% to 100% CH,. This is a critical distinc-
tion because understanding that the BHFS uses a different
sensor for each range and that it must transition from
the catalytic oxidation sensor to the thermal conductivity
sensor in order to conduct accurate measurements is criti-
cal to understanding the problem of sensor transition
failure.

| initially conducted fieldtesting of the UT sampler in
conjunction with the UT team at a NG production site
with a wellhead gas CH, concentration of 90.8%. NG
composition analysis (via gas chromatograph-flameioniza-
tion detector) of wellhead ges at this site was conducted
by the host company just prior to the sampler testing.
The tests were conducted by metering known flow rates
of NG into the BHFS inlets through a rotameter (King
Instrument Company, Garden Grove, CA; 0-10 scfm air
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scale). The sample concentration indicated by the internal
BHFS sensor was recorded and compared to an external
ges concentration monitor used to measure the actual
NG concentration at the sampler exhaust (Bascom-Turner
Gas Sentry CGA 201, Norwood, MA). The Gas Sentry
unit wes calibrated with 2.5% and 100% CH, prior to
the testing; exhaust concentrations measured using this
unit agreed with concentrations calculated using the sam-
pler flowrate and amount of NG metered into the inlet
to within an averege of £6%.

This fieldtesting was conducted in March of 2014 and
is described by [10]; the UT sampler is identified therein
as BHFS No. 3. At the time of this testing, the UT BHFS
had firmwareVersion 3.04 (September 2013); this sampler
had been calibrated 2 weeks prior to the fieldtest and had
been used for emission measurements at production sites
since that time. The response of the sensors was checked
(“bump-tested”) by the UT fieldteam but not calibrated
prior to the start of testing. This wes apparently consist-
ent with the UT fieldprogram methodology: the sampler
had been used for measurements with only sensor bump
tests, but without the actual calibration unless the sensors
failed the bump tests (as was acceptable according to the
manufacturer's guidelines) during their ongoing field
measurement program and was provided to me for these
measurements “ready for testing”.

Although the UT sampler’s internal sensors initially
meesured the sample concentration correctly, after
~20 min of testing the sampler’s sensors failed to transi-
tion from the catalytic oxidation scale (<5% NG) to the
thermal conductivity scale (>5% NG), resuiting in sample
concentration measurements that were 11-57 times lower
than the actual sample concentration (Fig. 5). Because
sample concentration is directly used to calculate emission
measurements made by the sampler, this would result in
emission measurements that are too low. After this sensor
transition failure occurred, the UT BHFS was calibrated
(not simply “bump-tested”) and thereafter did not exhibit
any further sensor transition failures even during a second
day of testing at sites with wellhead CH, concentrations
as low as 77%. Two other BHFS that were not part of
the UT program were also tested using the same proce-
dure; these instruments had the most updated firmware
commercially available (Version 3.03) and were put through
an actual calibration sequence by the instrument distribu-
tfor’s representative prior to any testing. Neither of these
instruments exhibited sensor transition failure at any of
the sites. These results combined with the sensor transi-
tion failure previously observed in instruments with earlier
versions of firmware suggest that the combination of
updated firmwareand frequent actual calibrations might
reduce sensor failure, although this has not been proved
conclusively [10, 11].

T. Howard
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Figure 5. Performance of the BHFS used during the [1] study with NG
composed of 90.8% CH,; instrument firmware had been upgraded to
version 3.04 after that study but before this testing; calibration was

2 weeks old. Sensor transition failure set in after ~20min of testing; this
failure was eliminated once the BHFS was put through a calibration
sequence (as opposed to just a response test). BHFS, Bacharach HiFlow
Sampler; NG, natural gas.

The UT recently published a follow-up study of pneu-
matic device emissions [2]. As part of this work, Allen
et al. [2] conducted laboratory testing of the UT BHFS
by making controlled releases of both 100% CH, and a
test gas of 70.5% CH, mixed with heavier hydrocarbons
into the UT BHFS and did not report any sensor transi-
tion failures during these tests, but during this laboratory
testing the sampler (with the updated firmware version
3.04) wes calibrated (not ‘bump-tested”) immediately
prior to any testing. Consequently, the absence of sensor
failure during their laboratory testing is consistent with
the results observed during the March 2014 field tests,
where calibrating the instrument eliminated the sensor
failure.

Allen et al. [3] have suggested that the protocol during
their field campaign was to check the calibration of the
UT BHFS anytime it wes turned on and that not fol-
lowing this protocol led to the sensor transition failure
observed during this testing. However, in this instance,
the sensor failure occurred both prior to and after the
instrument was restarted. Additionally, the UT team ob-
serving the testing process did not suggest a calibration
check when the instrument was turned back on for further
testing. It was only after the sensor failure was observed
that they checked and calibrated the instrument, so it

6 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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does not appear that their protocol was to check the
instrument calibration anytime it wes turned on.

In summary, because the firmwarefor the UT sampler
was updated prior to this testing (and therefore not the
same as the version used during the UT field campaign
[11), and updated firmwaremay be a factor in reducing
sensor failure, it is not expected that these test results
are representative of how frequently sensor transition
failure might have occurred during the UT study [1].
However, these results do clearly demonstrate that sensor
transition failure could occur while using the UT BHFS.

Comparison With Other Pneumatic
Device Studies

Two other recent studies have measured emission rates
from pneumatic devices by installing meters into the sup-
ply gas lines of the devices, as opposed to measuring
emissions using the BHFS as was done by Allen et al.
[1]. Presino [22] used the meter installation technique
to study emissions from pneumatic controllers in British
Columbia, and the UT follow-up study [2] installed meters
{o meesure emission rates from pneumatics in the four
regions surveyed in the previous UT study [1].
Unfortunately, it is not possible to compare the pneu-
matic device emission factors from [1] to those from
either the Prasino study, or from [2], because even though
[1] sought to randomly sample pneumatic devices, the
result was clearly an emitter data set (measurements fo-
cused on pneumatic devices that were emitting), while
the Prasino data set was made with a random selection
of devices and [2] made comprehensive measurements of
all devices that could be measured safely at each site.
This difference can be demonstrated by comparing the
percentage of emitting intermittent pneumatic devices oc-
curring in [1] to that in [2]. In [1], 95.3% (123 out of
129 intermittent devices) were greater than zero, with the
smallest nonzero emitter equal to 012 scfh
(0.0034 m® h™"). In [2], only 575% (184 out of 320
intermittent devices) were greater than zero. This percent-
age of nonzero measurements drops further if the lowest
nonzero emitter (0.12 scth; 0.0034 m3 h™') observed by
[1] is used as a threshold, in which case only 21.3% (68
out of 320) would be considered emitters. Since this
threshold of 0.12 scfh (0.0034 m® h™") is 25 times lower
than the typical minimum range of the Fox FT2A meters
by [2], the reported emitters below this threshold are
most likely instrument noise caused by the meter’s thermal
elements inducing convection currents [7].
Consequently, although the intent of [1] wes to survey
randomly selected devices, their approach actually resulted
in a data set comprised almost exclusively of emitting
devices; this possibility is acknowledged by [2]. Therefore,

UT Study Underestimates Methane Emissions

average emissions and emission factors for pneumatic
devices calculated from [1] cannot be compared to those
calculated from data collected by random or comprehensive
sampling, such as presented in [22] or [2], because the
emitter data set removes almost all the zero emitters and
would result in much higher average emissions.

However, both [1] and [2] provide the CH, composi-
tion of the wellhead ges at the sites surveyed. This allows
a comparison of emission rate patterns as a function of
CH, concentration between devices measured by the BHFS
[1] and by installed meters [2]. If the scarcity of high
emitters measured by BHFS at sites with lower CH, con-
centrations in the initial UT study [1] was not an artifact
caused by sensor transition failure, then the same con-
centration pattern should be present whether measured
by the BHFS or by installed meters.

For this analysis, | removed the Rocky Mountain region
{o eliminate any bias from current or impending regula-
tions that might have affected emission rates. Additionally,
| focused on emissions from intermittent pneumatics
because that provides the most complete data set from
the two studies. Finally, as noted previously, the pneumatic
device measurements from [1] apparently focused on
emitting devices, whereas the devices surveyed in [2] were
sampled as comprehensively as possible so the occurrences
of high emitters in each study cannot be directly com-
pared. Consequently, it is the ratio of the occurrences of
high emitters at low CH, sites compared to high CH,
sites within each study that must be compared.

As seen in Table 1, when measured by [1] via BHFS,
the occurrence of emitters >0.4 scfm (0.7 m® h™) (on
a percentage beasis) at sites with wellhead gas compositions
<91% CH, is almost a factor of fiveless than at sites
with CH, >91%, consistent with BHFS sensor failure.
Conversely, when measured via installed meters [2], the
occurrence of emitters >04 scfm (0.7 m3 h™') at sites
with wellhead gas compasitions <91% CH, is almost a
factor of three higher than at sites with >91% CH,, in-
dicating a complete reversal in this trend. This stark dif-
ference between BHFS measurements and installed meter
measurements corroborates that the scarcity of high emit-
ters at sites with lower wellhead ges CH, content present
in [1] wes an artifact due to sensor failure in the BHFS.

Focused Analysis of the UT Study
Equipment Leaks

In order to better understand the threshold of wellhead
gas CH, concentrations at which sensor transition failure
might occur, | conducted further analysis focused only
on the equipment leak measurements in [1]. Equipment
leaks were targeted because they are expected to be short
term, steady state messurements, wheress emissions
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Table 1. Occurrence of intermittent pneumatic device high emitters as a function of wellhead gas composition, measured by Bacharach Hi- Flow

Sampler (BHFS) and installed meters (Rocky Mountain region excluded).

No. of devices

No. of devices with % of devices with

measured emissions >0.4 scfm emissions >0.4 scfm

Allen et al. [1] (Measured by BHFS sampler)

Wellhead gas composition >91% CH, 85 28 32.9

Wellhead gas composition <91% CH, 44 3 8.8
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 0.21

wellhead gas compositions >91% CH,
Allen et al. [2] (Measured by installed meters)

Wellhead gas composition >91% CH, 106 3 2.8

Wellhead gas composition <91% CH, 97 8 8.2
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 2.9

wellhead gas compositions >91% CH,

reported from pneumatic devices and chemical injection
pumps are likely to be an average of several measure-
ments, and emissions from tanks may have an NG com-
position different from the reported wellhead
composition.

Figure 6 presents the occurrence of equipment leaks
in [1] that are >04 scfm (0.7 m3 h™") as a function of
site CH, concentrations. At sites with gas compasitions
of >97% CH,, 11.7% of the leaks were >04 scfm
(0.7 m® h™"). At sites with wellhead compoasitions between
90% and 97% CHy, only 2.7% of the leaks were >0.4 scfm

14%

n=9%
1.7% > 0.4 sefm
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2
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Figure 6. Occurrence of equipment leaks >0.4scfm as a function of site
well head gas CH 4 content in the [1] study. Leaks >0.4  scfm would
require the transition from catalytic oxidation sensor to the thermal
conductivity sensor for an average sample flow rate of 8cfm. The large
increase in the occurrence of leaks >0.4 scfm at sites with CH,, content
>97% indicates sensor transition failure below that threshold.

(0.7 m® h™), and this occurrence dropped to less than
1% at sites with wellhead ges compositions of <90% CH,,
indicating that the sampler’s ability to measure leaks
>04 scfm (0.7 m® h™') declined dramatically with de-
creasing concentrations of CH, in the wellhead ges (Fig. 6).
This analysis indicates the BHFS may underreport emitters
>04 scfm (0.7 m3 h™") even when making messurements
of NG streams with CH, content up to 97%, and provides
a valuable refinementof the possible CH , concentration
threshold where sensor failure may occur, since the high-
est CH, wellhead content available for direct field testing
of the BHFS was only 91.8%.

Comparison of the UT Study Downwind
Tracer Ratio Measurements to On-Site
Measurements

Allen et al. [1] also made emission measurements using
a downwind tracer ratio method at 19 sites for comparison
to their on-site measurements. Their emissions from on-
site measurements were calculated by using direct meas-
urements of equipment leaks and pneumatic devices that
were made by the UT team combined with estimates of
emissions from any sources at the well pad that were
not measured. These unmeasured sources included all
tanks and compressors (compressors were a small source
in comparison to all other sources) as well as any pneu-
matics that was not directly measured during the site
survey. For CH, emissions from tanks and compressors,
the authors used “standard emissions estimation methods”
[1]. For pneumatic devices that were not surveyed, they
applied their own emission factors based on the measure-
ments of pneumatic devices collected during the UT study.

The tracer ratio measurements were made by relessing
a tracer gas at a known rate to simulate the emissions
from the site being measured. Simultaneous downwind
measurements were then made of the concentrations of
both the tracer gas and CH,, and then the emission rate
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of CH, wes calculated after correcting for background
CH, and tracer concentrations. The tracer ratio method
allows for the calculation of CH, emissions from the entire
production site by accounting for the dilution of CH, es
it is transported into the atmosphere from the source to
the receptor.

In summarizing their tracer ratio measurements, [1]
state: “For the production sites, emissions estimated based
on the downwind measurements were also comparable
o total on-site measurements; however, because the total
on-site emissions were determined by using a combination
of measurements and estimation methods, it is difficult
to use downwind messurements to confirm the direct
source messurements.” However, upon further examina-
tion, | found that the downwind tracer measurements do
in fact indicate the occurrence of sensor transition failure
in their BHFS measurements.

Table 2 summarizes the characteristics of the sites sur-
veyed by [1] using both the BHFS and the tracer ratio
method. As described above, the on-site total is a com-
bination of the measurements made by BHFS and estimates
for any sources not actually measured by the UT team.
| calculated the ratio of actual BHFS measurements to

UT Study Underestimates Methane Emissions

the total reported on-site emissions (estimated and mees-
ured) using the supplemental information provided by
[1]. Actual measured emissions ranged from 1% to 79%
of the total reported on-site emissions and the on-site
total emissions range from 13% to 3500% of the down-
wind tracer ratio measurements (Table 2).

Table 3 compares the tracer ratio measurements to the
on-site emissions, categorized by CH, content in the well-
head gas and by the fraction of actual BHFS meesurements
that comprise the on-site emissions. As shown in Table 3,
when comparing all sites without separating them into
these categories, the total of the tracer ratio measurements
does agree closely to the on-site emissions, as [1] con-
cluded. However, four of the sites had wellhead gas com-
positions of >97% CH,, at which the BHFS would be
expected to make accurate measurements. The remaining
15 sites had wellhead gas compositions of <82% CH,, at
which sensor transition failure might occur and the BHFS
would underreport emissions measurements.

Once the sites are categorized by these wellhead ges
compositions, a deficitbetween the on- site emissions and
the tracer ratio measurements appears in sites with lower
CH, concentrations, and this deficit becomes more

Table 2. Sites surveyed by Allen et al. [1] using both Bacharach HiFlow Sampler (BHFS) and downwind tracer methods.

On-site total?

Wellhead (BHFS BHFS Leaks

gas CH, measurements ~ measure- measured by Tracer ratio On-site total/
Tracer site BHFS site concentration and estimates)  ments/on-site BHFS/on-site emission rate tracer ratio
name’ name’ (%) (scfm CH,) total® total® (scfm CH,) emission rate
MC-1 MC-1 70.9 1.89 0.12 0.12 2.32 0.815
MC-2 MC-14 78.1 0.99 0.34 0.01 2.00 0.495
MC-3 MC-20 77.2 1.83 045 0.18 2.95 0.552
MC-4 MC-5 74.2 2.31 0.19 0.14 3.36 0.887
MC-5 MC-16 79.3 1.85 0.56 0.18 4.18 0.445
RM-1 RM-7 81.9 0.22 0.11 0.09 0.584 0.368
RM-2 RM-8 74.5 4.43 0.02 0.02 1.70 2.80
RM-3 RM-1 76.4 0.13 0.67 0.69 0.442 0.303
RM-4 RM-3 74.9 0.11 0.21 0.00 0.839 0.137
RM-5 RM-2 74.5 0.09 0.35 0.33 0.240 0.392
RM-6 RM-5 74.5 0.74 0.41 0.42 0.421 1.75
RM-7 RM-14 74.5 0.27 0.26 0.26 0.368 0.736
RM-8 RM-19 76.2 0.29 0.82 0.79 1.08 0.266
RM-9 RM-12 74.5 0.38 0.05 0.05 0.864 0.436
RM-10 RM-4 76.2 2.86 0.01 0.00 0.080 35.7
AP-2 AP-23 97.8 1.28 0.68 0.35 0.270 4.74
AP-3 AP-43 97.0 4.75 0.62 0.59 4.12 1.15
AP-4 AP-37 97.0 1.36 0.44 0.42 0.709 1.92
AP-5 AP-18 97.0 0.39 0.74 0.69 0.288 1.37

MC, Midcontinent; RM, Rocky Mountain; AP, Appalachia. Different site numbers were used to identify the same sites in the [1] supplemental infor-
mation depending on whether BHFS or tracer ratio measurements were under discussion.

20n-site totals were calculated by [1] by combining measurements made by the BHFS with estimates of any sources not measured; these estimates
were made using mathematical models for tanks as well as emission factors for compressors and any pneumatic controllers not directly measured.

3Calculated by this author from [1] supplemental information.
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pronounced as the amount of the on-site emissions actu-
ally measured by the BHFS becomes a larger fraction of
the total on-site emissions (measured and estimated). As
seen in Table 3, for the high CH, sites where the sampler
should function properly, the on-site measurements and
estimates exceed the tracer measurements, but approach
a ratio of one (complete agreement) as the amount of
actual messurements incresses. For the two sites with
wellhead gas compositions >97% where the measured
equipment leaks (which should produce steady emissions
as compared to pneumatic devices which might be in-
termittent) averaged 64% of the total on-site measurements
and estimates, the on-site total still exceeds the tracer
measurements but are within 17% (Table 3). However,
for the sites with wellhead gas CH, concentrations <82%,
there is a clear trend of increasing deficit of the on- site
emissions compared to the tracer ratio measurements as
the actual BHFS messurements become a larger part of
the on-site total. For instance, for the nine sites with at
lesst 20% of on-site emissions from BHFS measurements
(for an average of 45% of the total on-site emissions
measured by the BHFS), the on-site emissions are only
49% of the tracer messurements (Table 3). For the two
sites that had greater than 67% of on-site emissions data
actually measured by the BHFS (for an average of 75%
of on-site emissions data meesured by the BHFS), the
on-site emissions are only 28% of the tracer measure-
ments (Teble 3).

Comparing the on-site data to the downwind tracer
measurements provides two valuable insights. First, there
were six sites in the Rocky Mountain region for which
at least 20% of the on-site emissions were measured by
the BHFS (for an average of 45% actual BHFS measure-
ments) (Table 2). For these six sites, the on-site emissions
average 48% of the tracer data. For the two sites in this

T. Howard

region with at least 67% of on-site emissions from actual
BHFS measurements (and with BHFS measurements
averaging 75% of the total on-site data), the on-site emis-
sions were only 28% of the tracer measurements (Table 2).
This provides clear evidence that the sampler actually did
fail in the Rocky Mountain region, as opposed to any
possible regional differences (discussed previously) that
might have created an emission pattern of no high emit-
ters at sites with lower CH, concentrations in the wellhead

Additionally, the tracer measurements provide a
method to estimate the magnitude of errors introduced
in the data collected by [1] due to BHFS sensor transi-
tion failure. For all of the sites with wellhead gas com-
positions 297% CH, (where the sampler should operate
correctly), the emission rates determined by on-site
measurements exceeded those determined by the down-
wind tracer ratio measurements. Assuming that the
tracer method accurately measured the total emissions
from the sites surveyed (e.g., [8, 15, 16]), | concluded
that the methods used in [1] overestimated the on-site
sources that were not directly measured. Therefore, |
calculated the error in BHFS measurements at sites
with low CH, wellhead gas composition by assuming
the tracer ratio measurements are correct. | have also
assumed for this analysis that the estimates of any on-
site sources made by [1] are also correct, even though
the tracer data indicate they may be too high, because
this is conservative in the sense that correcting for this
overestimate would increase the BHFS error calculated
below. Given these assumptions, subtracting the on-site
estimated emissions from the tracer ratio emissions
gives the expected measurement total that should have
been reported from the BHFS measurements. Comparing
this expected measurement total to the actual

Table 3. Comparison of on-site measurements to tracer ratio measurements made by Allen et al. [1] categorized by wellhead gas CH, concentration.

Average percentage

Site category (number of sites in of on-site emissions

Total on-site emissions

Ratio of on-site
emissions to emissions

Total emissions

(reported by BHFS and measured by

parentheses) reported by BHFS estimated) (scfm CH,) tracer (scfm CH,) measured by tracer
All sites (19) 37 26.0 26.8 0.97
Sites where BHFS measurements are expected to be accurate (wellhead gas composition >97% CH,)
All sites (4) 62 7.78 5.39 1.44
Sites with >50% BHFS measurements (3) 68 8.42 4.68 1.37
Sites with >50% equipment leaks (2) 64 (equipment 514 4.41 1147
leaks/on-site total)
Sites where BHFS measurements are expected to underreport high emitters (wellhead gas composition <82% CH})
All sites (15) 28 18.2 214 0.85
Sites with >5% BHFS measurements (13) 35 10.9 19.6 0.56
Sites with >20% BHFS measurements (9) 45 6.10 125 0.49
Sites with >50 % BHFS measurements (3) 69 2.27 5.68 0.40
Sites with >67 % BHFS measurements (2) 75 0.42 1.52 0.28
BHFS, Bacharach HiFlow Sampler.
10 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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measurement total reported by the BHFS provides an
estimate of the error in BHFS measurements made by
Allen et al. [1].

Table 4 presents the results of this analysis, and shows
that for the 13 sites with wellhead gas compositions <82%
CH, and with at lesst 5% actual BHFS measurements
(with an average of 35% of emission sources measured
by BHFS; bottom half of Table 3), the actual measure-
ment total of the BHFS is less than one-third of the
expected total, and this appears consistent as sites with
greater fractions of actual BHFS measurements are ex-
amined. For these sites, the emission rates for equipment
leaks and pneumatics devices presented by [1] are ap-
proximately equal, so it is not possible to assign a larger
error to one category or another. Additionally, the errors
introduced by the sensor failure would be expected to
vary from site to site depending on how many emitters
were present with emission rates exceeding the sensor
transition threshold ceiling. Nevertheless, for these 13 sites,
the BHFS underreported emissions for equipment leaks
and pneumatic devices on average by more than a factor
of 3 (Teble 4).

Although the magnitude of error due to BHFS sensor
failure is not known for all the sites in [1], the tracer
ratio measurements make clear that the BHFS messure-
ments for sites with lower CH, content in the wellhead
ges could be at lesst a factor of three too low. More
precise estimates of errors in [1] are not possible because
of the nature of the sensor failure. Unlike a simple cali-
bration error, for which it might be possible to correct,
when sensor transition failure occurs, it is not possible
to know for any particular measurement if the failure
hes occurred, and if it has, what the resulting error was,
since the reported emission rates could range from 20%
to two orders of magnitude too low.

UT Study Underestimates Methane Emissions

Implications

Sensor transition failure is clearly apparent in the BHFS
measurements made in the UT study by Allen et al. [1],
as evidenced by the rare occurrence of high emitters at
sites with lower CH, (<91%) content in the wellhead
ges. The occurrence of this sensor transition failure wes
corroborated by fieldtests of the UT BHFS during which
it exhibited this sensor failure, as well as by tracer ratio
measurements made by [1] at a subset of sites with lower
wellhead ges CH, concentrations. At this subset of sites,
the tracer ratio measurements indicate that the BHFS
measurements were too low by at least a factor of three.
Because BHFS measurements were the basis of 98% of
the inventory developed by [1] using their own messure-
ments (and 41% of their total compiled inventory), the
inventory clearly underestimates CH, emissions from
production sites. However, the extent of this error is dif-
ficultto estimate because the underreporting of emission
rates due to BHFS sensor transition failure at any given
site would vary depending on sampler performance and
on how many high emitters were present at that site.
Estimating this error is further complicated by the fact
that the data set collected for pneumatic devices by [1]
was an emitter data set; this might offset the effect of
underreported high emitters in their pneumatic device
emission factors. Finally, although real differences may
exist in regional emission rates, the UT data set [1] should
not be used to characterize them because the occurrence
of sensor failure clearly varied between regions due to
variations in wellhead CH, compositions, which may mask
any actual regional differences that existed.

Although the performance of the BHFS may vary be-
fween instruments or with sensor age or calibration vintage,
this analysis of the [1] data set shows that measurements
made using a BHFS for NG streams with CH, content

Table 4. Estimation of underreporting in Allen et al. [1] BHFS measurements of CH, emission rates at sites with low CH, well head gas composition

(<82%), using downwind tracer measurements (from Table 3).

On-site
emissions
Minimum Average estimated by Expected BHFS
percentage of percentage of Total UT (excludes measurement
on-site on-site emissions BHFS total (tracer Emissions Ratio of
emissions emissions measured by measure- —on-site reported by reported BHFS
reported by reported by tracer (scfm ments) (scfm estimates) BHFS (scfm to expected
BHFS BHFS No. of sites CH,) CH,) (scfm CH,) CH,) BHFS
>5 35 13 19.63 7.09 12.54 3.81 0.30
>20 45 9 12.50 3.34 9.16 2.76 0.30
>50 69 3 5.68 0.71 4.97 1.56 0.31
>67 75 2 1.52 0.11 1.42 0.31 0.22
BHFS, Bacharach HiFlow Sampler; UT, University of Texas.
© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 11
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up to 97% could lead to severe underreporting of NG
leaks. That this failure can occur at such high CH, con-
centrations, which are close to the higher end of those
found in transmission and distribution systems, indicates
that past measurements in all ssgments of the NG supply
chain could have been affected by this problem. Because
the BHFS sensor transition failure phenomenon is not
fully understood, it is not known how much this error
may have affected pest measurements of CH, emission
rates. Two factors preclude this: first,the performance of
any individual BHFS may vary, and second, once sensor
transition failure occurs, there is no way to determine
the magnitude of the measurement error in the absence
of an independent fluxor concentration measurement.

If BHFS sensor transition failure has occurred during
industry monitoring at transmission, storage, and pro-
cessing compressor stations where the BHFS is approved
for leak measurements mandated by the USEPA Subpart
W Greenhouse Gas Reporting Program (GHGRP) [23],
then these errors could be larger than those observed at
production sites. Leaks at transmission, storage, and pro-
cessing compressor stations commonly exceed 0.4 scfm
(0.7 m3 h™") (the approximate threshold for BHFS sensor
transition failure) and in some cases may range from
10 to over 100 scfm. Because the largest 10% of leaks
typically account for 60-85% of the total leak rate at a
given facility [9, 25], sensor transition failure in the BHFS
could bies CH, emission inventories compiled by the
USEPA GHGRRP substantially low since the most signifi-
cant leaks could be underreported. Additionally, leak
measurements using the BHFS may be used to guide
repair decisions at NG facilities, and underreporting of
leaks could compromise safety if large leaks remain un-
repaired as a result.

Finally, it is important to note that the BHFS sensor
failure in the UT study [1] went undetected in spite of
the clear artifact that it created in the emission rate trend
as a function of wellhead gas CH, content and even
though the authors’ own secondary messurements made
by the downwind tracer ratio technique confirmed the
BHFS sensor failure. That such an obvious problem could
escape notice in this high profile, landmark study high-
lights the need for increased vigilance in all aspects of
quality assurance for all CH, emission rate measurement
programs.
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Response to “"Comment on “"University of Texas study
underestimates national methane emissions inventory at
natural gas production sites due to instrument sensor

failure
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Manus‘c‘ripktftypei ﬁ Response

i
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fChETEFmS;E Environment, Natural gas, Safety

The authors of the University of Texas (UT) study dispute my analysis in
- “University of Texas study underestimates national methane emissions
. linventory at natural gas production sites due to instrument sensor failure”
demonstrating that sensor transition failure affected their Bacharach Hi-
| Flow Sampler (BHFS) measurements at natural gas production
[ sites. Although I addressed most of their arguments in the original paper,
| here I summarize the relevant evidence and also provide a simplified
comparison of their downwind tracer measurements and on-site
measurements. This comparison provides clear independent verification,
1 using the authors’ own data, that their BHFS measurements were too low
| at sites with lower methane content in the wellhead gas. Because the
| BHFS sensor failure presents a critical safety issue, and their incorrect
| defense of this work distracts from this problem, I call upon the authors
- and sponsors of the UT study to retract the UT BHFS measurement data in
| order to ensure the safety of industry personnel and to protect the health
of communities near oil and natural gas facilities.

i ‘Abstract:
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Dr. Allen and colleagues from the University of Texas (UT) (1) argue that sensor transition failure in the
Bacharach Hi-Flow Sampler (BHFS) did not affect their 2013 UT study (2) as | presented in (3). Thisis a
welcome and critically important discussion because sensor failure in the BHFS may cause both
underreporting of methane (CH,;) emissions and underestimation of the health effects from air
emissions at oil and natural gas (NG) facilities. Most importantly, however, the BHFS is also used to
prioritize the repair of NG leaks, and if a large leak were not repaired because the BHFS underestimated
it, this could lead to catastrophic component failure and/or explosion.

Although the rebuttal by (1) contends that the BHFS has been used since the 1990’s, the BHFS has
actually only been commercially available since 2003. High flow sampling measurements of NG leaks
made prior to this were done with custom built instruments based on my design, which Bacharach, Inc.
then developed into the BHFS.. However, | am not affiliated with Bacharach, Inc. and | was not
associated with the develo‘pmeh‘t of the BHFS.

The primary evidence of sensor failure is not the lack of high emitters in the UT BHFS data set (2) as
stated by (1) but rather the direét experimental observance of this failure, which has been reported in
(4) and (5), and, as summarized in (3), has been observed in four out of six samplers that were tested
using NG with CH, content of < 91%. ‘HOWe\{er, because the UT BHFS data set (2) contains
measurements of several different types of sources with wide ranges of natural gas compositions, it
provides a unique opportunity to evaluate the possibility that the occurrence of sensor failure might be
widespread. It is certainly important to recognize that the BHFS measurements in (2) were biased low
by sensor failure so that this data set is not relied upon to inform public policy. However, the much
more important result of my analysis (3) of the UT BHFS data set is that sensor failure could indeed be
widespread, since it appears to have occurred wheh‘rﬁe‘aksuring NG streams with CH, concentrations as
high as 97%. This means that BHFS measurements throughout all sectors of the NG industry could be
affected. -

A third point of confusion is the contention by (1) that air pollution regulations in the Rocky Mountain
region resulted in lower emission rates in that region, and that this explains the lack of high emitters at
sites with lower CH, content observed in their study because that region‘ also-had a lower CH, content in
the wellhead gas. Air pollution regulations might indeed result in lower emission rates in the Rocky
Mountain region, but my analysis in (3) explains in detail that this is clearly not the cause of the scarcity
of high emitters at sites with wellhead gas of lower CH, content. To summarize, my analysis explains
that:

1) Even when the Rocky Mountain region is excluded, there are still almost four times fewer high
emitters at sites with wellhead NG compositions < 91% CH, than sites with > 91% CH,;

2) Pneumatic device emissions measured using flowmeters in a UT follow-up study (6) show a
complete reversal of the pattern of pneumatic device emissions measured by BHFS in the UT
study (2), i.e., when measured by flow meters, there was a larger occurrence of high emitters at
sites with low well head gas CH, content;

3) Emission rates measured by BHFS reported by (2) within a single region — Appalachia — show a
dramatic pattern of decreasing occurrence of high emitters as wellhead CH,; concentration
decreases over a narrow range from 98 to 95% CH,; and
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4) Although the downwind tracer measurements (discussed in further detail below) made by (2)
confirm that emission rates in the Rocky Mountain region were lower than other regions, these
measurements also confirm that the BHFS measurements are too low at sites with low welihead
gas CH, content, even in the Rocky Mountain region.

It was also asserted by (1) that both field and laboratory testing showed little evidence of the sensor
failure. As described in (3), | tested the sampler used in the UT study after the publication of their initial
results in (2) in the presence of members of the UT field team and observed the sensor failure during
this testing (4). This failure occurred even though the sampler had been upgraded to a new generation
of firmware after it was used to conduct the measurements made during the initial UT study (2). Afterl
conducted this field testing, | immediately interviewed two experienced BHFS technicians not associated
with the UT team who reported that the new generation of firmware had eliminated problems in their
samplers that caused leakstoo be reported too low. Given the dramatic improvement in performance
of samplers reported by these technicians using the updated generation of firmware, it is not surprising
that the sensor failure only occui‘red sporadically in the UT sampler during the field tests and was not
observed in their laboratory tests. Indeed, it is rather surprising that sensor failure occurred at all in a
unit with updated firmware, although this highlights that the factors affecting sensor failure are still not
well understood. |immediately relayed\thése reports of improved performance of samplers with
updated software to the UT team in March of 2013, so the authors of (1) and (2) are well aware that the
performance of the UT sampler could have been much worse when it was used for the original UT study
(2), during which time it had older firmware. It is also interesting to note that during the March 2013
field testing, the UT team had a second BHFS that they.did not allow me to test, stating that it had too
many problems to make testing it worthwhile, alth‘ough the nature of those problems was not specified.

The rebuttal (1) further asserts that the reason sensor trahsition failure occurred in the UT sampler
during the field testing | conducted was that the proper UT calibration protocol was not followed. As|
explained in (3), the UT team made no effort to conduct calibrations after the instrument was turned off
and on but only did so after sensor failure was noted. Consequehtly; in contrast to what they have
stated in (1), it does not appear that the UT protocol was to calibrate‘:any time the instrument was
turned on. ‘

Allen and his colleagues (1) also state that because the average emission rates of pneumatic devices
measured by flow meters in their follow-up study (6) are lower than those measured by their BHFS in
(2), this disproves the possibility of sensor failure since sensor failure should cause the BHFS
measurements to be lower. However, as | explained in (3), the pneumatic device data collected by BHFS
(2) were clearly not a random sample but instead focused only on emitting devices and inadvertently
excluded zero emission sources. This is one reason why average pneumatic device emission rates
calculated from the BHFS data (2) are higher than those calculated from the flow meter data (6).
Additionally, much of the pneumatic device data collected by flow meters (6) was likely biased low due
to calibration problems. The authors of (6) only calibrated their meters before and after their field
work, and claim in their supplemental information that they only became aware of a calibration problem
with one meter during their post project calibration. However, as | reported in (7), | also tested the UT
flow meters in March of 2013 while the measurements for the follow-up study (6) were ongoing, again
in the presence of the UT field team. During these tests, one of their two primary meters indicated flow
rates that were a factor of three lower than the actual flow rates released through the meters. Even
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after applying their post project calibration correction (6), the flow rates measured by this faulty meter
during these tests would still be a factor of two lower than the actual flow rates. These two additional
failures of quality assurance — the inadvertent exclusion of zero emitters from a supposedly random
sample of devices in (2) and the inadequate calibration of flow meters in (6) — further highlight the need
for dramatic improvements in greenhouse gas measurements programs.

Allen and colleagues (1) also maintain that infrared camera data showed no evidence that the BHFS did
not accurately measure high emitters; however, there is ample evidence that infrared camera
visualization cannot be currently used to quantify leaks. For instance, during the Ft. Worth Air Quality
study (8), daily QA checks on the IR camera indicated variations in factors of up to 15 in the distance at
which a known leak could be identified, much less quantified, under calm conditions. This large
variability, even under calm conditions, demonstrates the huge uncertainty in trying to quantify
emission rates with an IR Camei’é, since any air movement near the leak would dramatically increase this
variability.

Finally, their rebuttal (1) also states that my comparison (3) of the downwind tracer measurements to
the on-site emissions measurements in the UT study (2) is “complex” and obscures the fact that the
average emission rates from wells in thé‘RoCky Mountain region were too small for the sensor failure to
have occurred. In particular, they state: ~‘:'Theaverage per well emissions in the Rocky Mountains, made
using independent downwind sampling at s‘iktes‘with 40 wells, were low. The average emission rates
from these wells were less than half of the émissions that would be expected from just one high
emission rate source per well that Howard (2015) argues should be prevalent at sites with high methane
concentrations. Simply stated, if there were missing emissions of the magnitude asserted by Howard
(2015), they would have significantly increased measured downwind concentrations.”

However, this claim by (1) ignores the fact that the downwind tracer technique was used to measure
CH, emissions not from individual wells but from sites with an average of almost five wells per site, so
the emission rates per site are much higher than the emission réﬁtes per well. In fact, the average
emission rate per site measured by downwind tracer in the Rocky Mountain region was 0.66 scfm, over
50% greater than the expected BHFS sensor transition threshold of 0.4 scfm:at a sample flow of 8 scfm.
If the BHFS sample flow were reduced to 4 scfm due to low battery power or a tightly wrapped
enclosure, then sensor transition failure could occur when measuring a source as small as 0.2 scfm.
Consequently, a single measurement of a high emitter at these sites that was biased low by sensor
failure could cause the observed underreporting of BHFS measurements compared to the tracer data.

To illustrate this, and because Dr. Allen and colleagues (1) found my comparison in (3) of their
downwind tracer and on-site data (2) to be complex, | have tried to simplify that analysis here. Figure 1
presents the downwind tracer and on-site data from the UT study (2). For this analysis, | have removed
only the two sites at which 98% or more of the reported on-site totals were comprised of estimated
emissions, as opposed to actual BHFS measurements, since such a large fraction of estimated emissions
would prevent a reasonable evaluation of the BHFS performance.

As seen in Figure 1, the downwind tracer data do in fact indicate that there are real regional differences
in CH, emissions from natural gas production, as (1) have asserted and as | have acknowledged in (3).
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However, Figure 1 also shows clearly that the lower emissions in the Rocky Mountain region do not
preclude the occurrence of BHFS sensor failure. When comparing the results on a site by site basis, the
on-site totals (which as noted previously were a combination of BHFS measurements added to estimates
of sources not measured) are substantially lower than the downwind tracer results for the Rocky
Mountain and Mid-Continent sites where CH, content was less than 82%, and substantially higher for
sites in Appalachia where CH, content was greater than 97% (sensor transition failure is much more
likely at CH, concentrations less than 97% (3)). Only one out of 13 sites with CH, content < 82% (RM-5)
had reported on-site emissions greater than the emissions measured by tracer, while all four sites with
CH,4 content > 97% had on-site emissions greater than those measured by tracer. The ratio of total on-
site emissions to downwind tracer emissions for each region was as follows: Mid-Continent: 0.586;
Rocky Mountain: 0.461; and Appalachia: 1.44.

Since the reported on-site ém‘isks‘ions were greater than those measured by downwind tracer at all sites
with well gas content of CH, > 97% (the Appalachia region) where the BHFS likely functioned properly, |
conclude that the estimation methods used by the UT study (2) actually overestimate emission rates as
compared to actual whole-site emissions measured by downwind tracer analysis. Consequently,
although this simplified comparison indicates that the on-site data are a factor of two too low at the
Mid-Continent and Rocky Mountain sites; the actual effect of BHFS sensor failure is probably larger
because the overestimates of emissions from the sources that were not measured somewhat obscures
the underreporting by the BHFS, and I've distussed this in detail in (3). Therefore, although this direct
comparison of the downwind tracer measurements to the on-site data for each site independently
verifies the BHFS sensor failure, it does not reﬂéé:t‘t‘he full magnitude of the problem.

Given that the BHFS sensor failure can cause underrépofting of natural gas emission rates which could
create critical safety, health, and environmental problems; it is disappointing that (1) are willing to
ignore the clear evidence — provided by their own downwind tracer measurements — of the effects of
sensor failure in the UT BHFS (2) data set. The lead author of (1) and (2) served as the chair of the EPA
Science Advisory Board during the period of research conducted by (2}, and as such has a special
obligation to disclose this issue since the BHFS is an EPA approved ‘ihst;rument. The BHFS is currently the
standard instrument in the natural gas industry worldwide for measuring leak rates, and although
upgrading firmware may reduce sensor failure, it does not eliminate it, and it is likely that most BHFS’s in
use have older firmware more susceptible to sensor failure. The presence of such a problem that can
result in large leaks being reported as an order of magnitude or more lower than they actually are
presents a frightening safety issue. It may have also caused many CH, emission inventories to be biased
low, including those compiled by the USEPA Subpart W Greenhouse Gas Reporting program (9), the
American Carbon Registry (10), and the United Nations Clean Development Mechanism (11).

For the last 12 years | have served as a professional firefighter, and in that role | have seen the tragic
consequences that can occur when safety issues are ignored. Unfortunately, the misguided defense by
such prominent researchers (1) of the UT BHFS data set (2) creates a distraction from the critical safety,
health, and environmental problems that the BHFS sensor failure presents to the oil and NG industry. |
call upon the authors and sponsors of the UT study (2) to meet their obligations to the safety of industry
personnel and to the health of communities near oil and NG facilities by retracting the UT BHFS data set
(2) so that this critically important problem can be recognized and addressed immediately.
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Figure Captions

Figure 1. Comparison of downwind tracer measurements to reported on-site emission rates (compiled
from BHFS measurements and estimates of sources not measured) in the UT study (2). Sites with lower
CH4 wellhead gas content, where the BHFS is likely to experience sensor failure, have dramatically lower
on-site emission rates compared to emission rates at the same sites measured by downwind tracer
techniques. This comparison:provides independent corroboration of the BHFS sensor failure, even in
the Rocky Mountain region‘Where tracer measurements indicate lower regional emission rates. BHFS =
Bacharach Hi-Flow Sampler; MC = Mid-continent; RM = Rocky Mountain; AP = Appalachia.
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To: Weitz, Melissa[Weitz.Melissa@epa.gov]; McKittrick, Alexis[McKittrick.Alexis@epa.gov]
From: Touche Howard

Sent: Wed 2/10/2016 3:37:50 AM

Subject: EPA Presentation Regarding Bacharach Sampler Sensor Failure

Melissa/Alexis --

Thanks for setting up the meeting last Friday regarding the issues with the Bacharach Hi-Flow
Sampler. I just wanted to make a couple of observations.

I think the delays in starting the meeting could have been avoided if we had met ahead of the
meeting, which is why I arrived 45 minutes before the scheduled start time. We had discussed
me arriving early to get things set-up, so I was surprised to be turned away and told to come back
ten minutes before the start time. As a result, by the time we got through security, it was time for
the meeting to start.

My intent for being early was to be able to provide you a brief overview of what would be
discussed and who I had invited to call in, as well as to get the presentation set up.
Unfortunately, we didn't have time to do those things, resulting in delays because you had to find
a press office person since a reporter had been invited and it also took the same amount of time
to set up the computers.

Additionally, there were repeated problems with the computer as it stalled about a third of the
way through, and then shut down completely about two thirds of the way through the
presentation. Those events were significant distractions, both to me as a presenter as well as to
the audience, since they could no longer see the presentation.

Ironically, I was cautioned prior to the meeting that sometimes problems are rigged into
presentations when discussing topics that are uncomfortable for agencies. I don't think that's the
case here, but you can see how the problems that occurred could feed into people's suspicions.
However, I do think these problems were a result of this meeting not being a very high priority
for you.

Well, that's understandable since you have a thousand things coming at you every day. ButI
think it would be very unfair to both of you if this slipped under your radar when it's such a
critical issue, only to have it come back to haunt you later. Perhaps the first people at EPA to
hear about the Volkswagen issues and the Flint water crisis were swamped as well and just didn't
realize the importance of those problems until it was too late.

So I want to emphasize that the issues that I've raised really do have broad implications, and as
such, they may get a lot of scrutiny. And in particular, given all that's led up to where we are
now, how EPA handles these issues may in particular get a lots of attention.

Also, I have a follow-up question for Alexis based on our conversation at the EPA conference in
Pittsburgh. When I initially raised some of these issues to you then, your reply was that I should

be cautious because people might go after my work. That's a pretty unusual response from an
EPA person, so [ assume that someone discussed these issues with you before I did and
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specifically told you that they would retaliate. If that's the case, I would like to know who that
was, because that's an unacceptable response to these problems.

It's very important that you understand that the environmental, health, and -- especially -- safety
issues far outweigh any concerns I might have about being retaliated against. Certainly we hope
the occurrence of an explosion or fire is a remote possibility due to Hi-Flow sensor failure, but
there's no excuse for exposing people to any risk of a preventable tragedy,

I'll acknowledge that my concerns are probably heightened by the last twelve years ['ve spent as
a professional firefighter. I'm lucky, in the sense that I've spent my entire career at our busiest
station, but that also means I've seen a lot of bad things happen to people. Dragging a body out
of a fire and feeling their burnt flesh come off on your turnout gear is a terrible experience. But
what's worse -- far worse -- is hearing the screams of agony when someone has been badly
burned but survived.

Honestly, I wouldn't think it would take those type of experiences for anyone to realize the

importance of disclosing the sensor failure issue as rapidly as possible. Unfortunately, however,
here we are, over two years later, and almost no progress on this problem has been made.

You two might be the last chance for this to be addressed.

Regards,

Touche'
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To: Weitz, Melissa[Weitz.Melissa@epa.gov}; McKittrick, Alexis[McKittrick.Alexis@epa.gov]; Daniel
Zimmerle[Dan.Zimmerle@colostate.edu]
From: Touche Howard

Sent: Tue 2/9/2016 11:52:58 PM
Subject: EDF Compressor Station Methane Study

Melissa/Alexis --

One additional implication of the Bacharach Hi-Flow sensor failure is that you should exclude
data from any other sources that used the Bacharach sampler unless it can be certified to have
been collected with a sampler using software Version 3.03 or higher. For instance, the EDF
compressor station work made a lot of measurements using the Bacharach Hi-Flow. I've
discussed this with Dr. Zimmerle, and originally hoped that he'd be able to get approval for us to
look closely at the data to see if we could determine signs of sensor failure. However, it doesn't
appear he'll be able to get approval for that any time soon, so unfortunately the alternative is to
just exclude all data not collected with the newer software.

I did look at the tracer measurements they made to compare to on-site measurements, but I
narrowed those down to a subset of 18 sites that were measured using only reliable methods (no
acoustics, for instance), had little or no engine exhaust emissions, and were in the same mode for
both measurement techniques. For these sites, the tracer and on-site measurements should agree
quite well, but they actually only agree within a factor of two for half of those cases, so that level
of uncertainty prevents using the tracer data to rule out Hi-Flow sensor failure.

As I mentioned at the meeting, I think we're too quick -- not anybody in particular, but all of us --
to try to reconcile quality assurance results as opposed to trying to understand them. I think that
the disparity in the tracer vs on-site results in the compressor station work provides an
opportunity to understand where things might go wrong and provide guidance to improve future
programs. But unfortunately for now, the Hi-Flow data collected with older software should be
excluded.

Hopefully that will be easy information for Dr. Zimmerle to release to you since it doesn't
require any site or company identification -- it's only identifying the software version for each

site.

I've included Dr. Zimmerle on this thread in case he has any comments and would be happy to
discuss this with all of you if that's helpful.

Thanks,

Touche'
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To: allen@che.utexas.edu[allen@che.utexas.edu]

Cc: McKittrick, Alexis[McKittrick.Alexis@epa.govj;
terri_shires@aecom.comfterri_shires@aecom.com]; Weitz, Melissa[Weitz.Melissa@epa.govl]; Gunning,
Paul[Gunning.Paul@epa.govl; McCabe, Janet{McCabe.Janet@epa.gov];
RAlvarez@edf.org[RAlvarez@edf.org], shamburg@edf.org[shamburg@edf.org]; Fernandez,
Roger[Fernandez.Roger@epa.govl; rharriss@edf.org[rharriss@edf.orgl; ritterk@api.org[ritterk@api.org};
dnelson@edf.org[dnelson@edf.org]; sedlak-office@est.acs.org[sedlak-office@est.acs.org];
dmccabe@catf.us[dmccabe@catf.us]; dlyon@edf.org[dlyon@edf.org]; Maxwell, Dave
(Austin){dave.maxwell@aecom.comj; dschroeder@catf.us[dschroeder@catf.us};
dzavala@edf.org[dzavala@edf.org]; Chuck Kolb[kolb@aerodyne.com]; Gamas,
Julia[Gamas.Julia@epa.gov]; linda.lee@arb.ca.gov]linda.lee@arb.ca.govj;
bmordick@nrdc.org[bmordick@nrdc.org]; amrowka@arb.ca.goviamrowka@arb.ca.gov};
casey.pickering@erg.comcasey.pickering@erg.com}; Wisetiawa@arb.ca.gov[Wisetiawa@arb.ca.govj;
Smith, James-D[Smith.James-D@epa.gov}; Snyder, Jennifer[Snyder.Jennifer@epa.govi;
michael.ege@tceq.texas.gov[michael.ege@tceq.texas.gov];
paige.sprague@tceq.texas.govipaige.sprague@tceq.texas.govl;
adam.pacsi@chevron.com[adam.pacsi@chevron.com]; Rees, Jeffl[Jeff. Rees@pxd.com];
matt.harrison@aecom.com{matt.harrison@aecom.com}; alr@andrew.cmu.edu[alr@andrew.cmu.edu];
awilcox@harcresearch.org[awilcox@harcresearch.org];
andres.restrepo@sierraclub.org[andres.restrepo@sierraclub.org];
gabrielle.petron@noaa.gov{gabrielle.petron@noaa.govj;
natalie.spiegel@sierraclub.org[natalie.spiegel@sierraclub.org];
nathan.matthews@sierraclub.org[nathan.matthews@sierraclub.org};
rsawyer@me.berkeley.edu[rsawyer@me.berkeley.edu]; Ganapathy, Roopa
(EC/EC)[Roopa.Ganapathy@canada.cal; vgowrishankar@nrdc.org[vgowrishankar@nrdc.org];
dan.hill@pe.tamu.eduf[dan.hill@pe.tamu.edu]; Matthew.Fraser@asu.edu[Matthew.Fraser@asu.edul;
seinfeld@caltech.edu[seinfeld@caltech.edu]

From: Touche Howard

Sent: Tue 12/15/2015 5:47:46 PM

Subject: Re: Safety Issues Regarding Hi-Flow Sampler Sensor Failure

Dave --

Just to follow up on the safety issue, I did a news media search to see what the current state of
natural gas industry safety is, because if fires and explosions have been eliminated over time,
then my fears would be groundless. But, it turned out to be much worse than I expected. It
looks like there have been at least 33 explosions or fires at natural gas facilities over the past five
years, killing 11 people and injuring 126 others. You can't tell the cause of all these incidents
from the media reports, but it's clear that it's still true that natural gas facilities can and do blow

up.
So the issue of safety is still very relevant. But even if it weren't, I'm sure you and Matt would
want to address this issue immediately, just for the health and environmental aspects. If nothing
else, I believe companies can start their 2016 Subpart W reporting measurements in January, and
since two reporting years have gone by since this problem came to light, I think we can all agree
that we don't want to let another year go by that could be affected by Hi-Flow sensor failure.

Thanks,

Touche'
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On Mon, Dec 14, 2015 at 4:42 PM, Touche Howard <touche. howard@indacoags.com™> wrote:

Dave --

I think that Matt's statement of "I see no safety issue" (regarding the Bacharach Hi-Flow
sampler's problem of reporting leaks as far smaler than they actually are) might have
resulted from your team either not being aware of all the potential uses of the Hi-Flow
sampler or from having a somewhat narrow view of what problems can compromise safety.

Probably half of the leak measurement programs I've conducted were for private companies
whose primary goals were to reduce gas loss and to improve safety, as opposed to
cataloging greenhouse gas emissions. At 1 to 2% of all the facilities I've been to, we found
leaks that caused the operators to immediately shut down equipment. Examples include
leakage into compressor distance pieces that was large enough to cause back pressure into
the engine crankcase, flanges that had a leak rate large enough that it might cause further
gasket erosion and failure, and large leaks at welds on compressor fuel gas systems that
might catastrophically fail or be large enough to reach an ignition source due to induced
sparking at vibrating components in the ignition coil area.

Did we prevent explosions in those cases? We'll never know, but we did provide one layer
of defense by eliminating imminently dangerous conditions. So if only 1% of facilities
have a dangerous underlying condition that might go undiscovered if a Hi-Flow sampler
fails, is it really worth an hour of your time to address this issue? I think most people would
say yes.

Even high flow surveys that focus on research or greenhouse gas reporting have the
opportunity to reduce dangerous conditions if done properly. I think the protocol in most
(hopefully all) leak measurement programs, whatever their focus, is to immediately alert
facility operators of any hazardous conditions found. So it's certainly not acceptable to
leave hazards unidentified due to sampler failure just because many surveys are focused on
greenhouse gas emissions instead of facility integrity.

Other instances where sampler failure might affect safety are when it is used to make an on
the spot repair decision when a leak is discovered by an operator and when it is used to
survey facilities being put into initial service. And as I pointed out previously, we don't
know all the ways a sampler might be used now or in the future. If, for instance, it were
used to rank distribution leaks for repair, under reporting large leaks could have tragic
consequences.

Now you might think that other indications, such as an IR camera, or auditory, visual, and
olfactory (AVO) detection would provide clues that a leak was much larger than the
sampler indicated, but most people just don't have that level of experience, and a noisy
and/or hot environment can make it even more difficult. There's an excellent example of
this in your Phase II pneumatic work, where Device No. XQ01-PC04 was measured both by
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Hi-Flow (0.13 scth) and meter (37.37 scth), and you assume the Hi-Flow measurement is
too low due to the device not being adequately enclosed. However, this device was a
continuous bleed controller with a high emission rate (in the top 20% of the continuous
controllers you measured). Consequently, even though the Hi-Flow was making an easy to
read steady state measurement for most of that interval, your technicians did not recognize
that the Hi-Flow reading was almost 300 times too low (if they had, they would have
certainly attempted to correct the problem while the measurement was being made). This
highlights that even people who had been making these type of measurements day after day
during an extensive field program could not accurately judge emission rates without reliable
instrumentation.

And although safety systems like gas detectors or hot work permits provide one line of
defense, they can't always protect the facility from a leak that could have been fixed but
wasn't, and then either failed catastrophically or found an ignition source before automatic
detection shut down equipment. Having been to so many facilities, I've heard lots of stories
of past explosions. My favorite was was told to me by an operator who was the son of a
compressor station manager. When he was growing up, they lived near the station, and one
night after dinner he wanted to go to the mechanic's shop at the site to work on his car. Oh,
no, his mother says, it's your turn to do the dishes. So there he is, sulking at the sink, when
the station blows up, basically right in front of him as he's watching out the kitchen
window, and destroying with it the mechanic's shop where he would have been if his
mother hadn't made him wash dishes.

Unfortunately, not all the stories had a happy ending like that.

I hope this provides a better perspective on the safety issues involved.

Thanks,

Touche'

On Wed, Dec 9, 2015 at 8:56 PM, Harrison, Matt <matt.harrison@aecom.com™> wrote:

I'see no safety issue. HiFlows are never used as safety devices to my knowledge

Matt Harrison
512-694-0572

Sent from my iPhone

On Dec 9, 2015, at 2:25 PM, "Touche Howard" <touche howard@indacoags.com>
wrote:
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Dave --

Now that the EPA is considering using your initial EDF study at production sites
(published in PNAS in 2013) and your follow-up study on pneumatic controllers
(published in ES&T in 2014), it's critical that we resolve the Hi-Flow sensor
failure and other quality assurance issues surrounding those studies as soon as
possible. The quickest way to do that is for us to directly discuss these issues
with EPA, and I think once you understand the evidence, you'll be able to see the
problems immediately. To that end, let's try to get together tomorrow or Friday.
(Melissa and Alexis - I can come up and meet with you either day, and if Dave
can't make it, he can call in.)

My biggest concern is safety -- having an instrument that reports natural gas leaks
far lower than they actually are is clearly a huge safety issue, and as long as you
tell people that this problem didn't occur in your work, it will be very hard for
anyone to take it seriously. Meanwhile, for you and EPA, this also represents
important health and environmental concerns. And of course since you were
chair of the EPA Science Advisory Board while you were conducting this
research, and the Hi-Flow sampler is one of the methods approved by EPA to
make measurements for their greenhouse gas reporting program under Subpart W,
I'm sure you feel a special responsibility to address these issues as soon as
possible.

I've attached my ESE paper outlining the problems in your initial 2013 production
study as well as my letter and your response about the 2014 study. I've also
attached a reply that [ wrote in response to your commentary on my paper in ESE,
because even though you withdrew that commentary after seeing my response, I
think my response did clarify some of the issues.

Since we unfortunately haven't had an opportunity to discuss these issues directly,
Il summarize the evidence here and what I believe are your counterpoints, based
on your reviews of my paper and the commentary you submitted. I also want to
allay your concerns, which you've stated to others, that I'm raising these issues
because I want to sell my own samplers or services. I'm only wrapping up loose
ends now, and after this I won't be working in this area any more.

The first issue is sensor transition failure in the Bacharach Hi-Flow Sampler
(BHEFS), where it can fail to transition from the low range (0 to 5% gas) catalytic
oxidation sensor to the high range (5 to 100% gas) thermal conductivity detector,
which can cause the sampler to report large leaks as being much smaller that they
are. We don't know why this happens, but there's no question that it can, because
we demonstrated it in three different instruments, including yours. It doesn't seem
to occur for pure methane streams, but we've seen it in the field for gas streams
with methane content as high as 91% (J. Air Waste Manag. Assoc. 65:856—862.
doi: 10.1080/10962247.2015.1025925).
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The effect of this problem is clear in your Phase I data, which I've plotted below
showing emission rate as a function of site methane composition. As you can see,
most of the high emitters only show up at sites with high methane compositions,
and there's no reason that should happen in the real world, especially when you
consider that it occurs for several different types of sources.

<image.png>G

Now I believe your counter argument is that this phenomenon is due to air
pollution control regulations reducing emissions in the Rocky Mountain region,
where the methane content of the gas is lower as well. However, several things
tell us that's not the cause of the trend in the figure above. First, even when you
take the Rocky Mountain region out of the analysis, there's still far more high
emitters at sites with higher methane content. Second, even within just the
Appalachia region, the occurrence of high emitters increases dramatically over a
very narrow range of site methane compositions, from 95% to 98% methane
(shown below). What that tells us is that sampler can start seeing some of the
high emitters once methane composition is in the range of 95%, but is still
missing a lot of them until methane composition gets up to the 97 to 98% range.
This is also an extremely important indicator that this problem could be occurring
even for gas streams with methane content above 95%, meaning the problem
could occur in all segments of the natural gas industry.

<image.png>

Finally, your emissions measurements made by tracer technique confirm that
sensor failure occurred and that the trend of emission rate vs concentration is not
caused by regional differences. Now, in your comment you said you found my
analysis of your tracer data complex, probably because I showed how Hi-Flow
measurements got lower and lower than the tracer measurements for sites with
fewer estimated emissions from sources like tanks. So I've simplified that
analysis, and just removed the two sites that had 98% or more of the emissions
estimated as opposed to measured. This comparison of the tracer versus on site
Hi-Flow measurements is shown below.

<image.png>

So clearly, as you've suggested, there are regional differences, assuming these
sites are representative. The tracer data shows that the emissions from sites in the
Rocky Mountain (RM) region are lower than the sites in the Mid-continent (MC)
region, although in the same range as 75% of the Appalachia (AP) sites. But just
as clearly, the sites with lower methane content (Rocky Mountain and Mid-
continent, where sensor failure might occur consistently) have far lower (about a
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factor of two) Hi-Flow measurements than the tracer technique. Meanwhile, the
sites with high methane content (Appalachia, where the problem isn't expected to
occur) have Hi-Flow measurements close to or exceeding the tracer
measurements. Keep in mind that because some of the on-site data comes from
estimates, this masks the magnitude of the error, but at least this is a simple
comparison.

Now if the variations between the tracer and the Hi-Flow were due to random
experimental errors, then we'd expect roughly 50% of the sites to have tracer
greater than Hi-Flow, and 50% lower. It's actually a 70/30 split, but the
remarkable thing is that we can predict which region will have tracer greater than
Hi-Flow and which won't. This is pretty much the same thing as me being able to
walk into a bar and betting the barmaid that if I stand on her side of the bar and
flip a coin it will always come up heads, but if I stand on my side of the bar and
flip a coin, it will always come up tails. And in between drinks, we run that
experiment, and it turns out that I'm right 16 out of 17 times.

Now that's a bar bet I'd like to be able to make routinely.

You also said in your unpublished comment to ESE that the testing I conducted
on your instrument and others in March of 2013 showed a low occurrence of this
problem. That's true of course, but [ was surprised you said that, since you know
that immediately after we did that testing that I met with some very experienced
Hi-Flow technicians who specifically told me that they had fixed some of their
samplers that had been reporting leaks too low by upgrading the sampler's
software. Since all of the samplers we tested when we tested yours had new
generation software, the only real surprise is that we saw any failure at all, and
that failure was in your sampler. So even though new software improves the
problem, it doesn't fix it completely. Additionally, there are lots of these samplers
around the US and the world using older software, and lots of data that has been
collected using samplers prior to software upgrades.

One other argument you made was that your Phase I pneumatic data, made by Hi-
Flow, was higher than your Phase II pneumatic data, collected by meter, and if
your Hi-Flow had been reporting too low, this should have been the other way
around. The reason this isn't true is that your Phase I pneumatic data is clearly an
emitter data set (95% of them are emitting) while your Phase II data setis a
comprehensive data set (about 21% are actual emitters). So you accidentally
excluded sampling zero emitters in Phase I, which biases that data high by a
factor of four to five, and offsets any Hi-Flow sensor failure. Additionally, the
Phase II data actually shows exactly what I predicted to you it would show -- that
the high emitters are more predominant at sites with lower methane compositions
when measured by the inline meter as opposed to your Phase I measurements,
where the sensor failure caused the high emitters at those sites to be under
reported.
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In any case, I think this shows that it probably would have been better to involve
me directly in discussions you had with the EDF committees and others about this
problem after I brought it to you in October of 2013, because I could have
explained immediately why the reasons you thought this problem didn't affect
your Phase I data were incorrect. It has been puzzling to me that given the
overwhelming evidence, that this problem wasn't obvious to you, but I'm
wondering if that might be due to inexperience with field measurements. As an
example, in both your Phase I and Phase Il papers, you incorrectly describe the
operation of the Hi-Flow sensors, and without understanding that the Hi-Flow has
to to switch back and forth between sensors to make accurate measurements, it's
probably impossible for you to understand the sensor transition problem.

I'm wondering if inexperience might have also led to the problems in your Phase
IT work as well. It's a harsh environment for meters to be transported between
field sites on rough roads and have raw natural gas run through them, and I think
most people with experience in field measurements would have built in a routine
testing of those meters during the project, rather than just check them before and
after the project as you did. When you're out in the field looking at pneumatics,
you see lots of them with oil or other hydrocarbon accumulations, so it's easy to
picture how the meter sensor could get fouled, as yours did. I would think at least
a weekly multi-point meter calibration and a daily single point flow check would
be required to ensure accurate measurements. which is what was done during the
EDF WSU distribution work. The Indaco Hi-Flows that were used in that project
have a very similar flow measurement system to your Fox meter, which is a
thermal element in a tube, and even though the distribution study was a much less
harsh environment, where leaks of relatively clean distribution gas were measured
and the flow system dilutes those leaks with air before the gas hits the sensors,
full scale weekly calibrations and single point daily flow checks were conducted.

Now, as you remember, while that project was ongoing, I found that one of your
two primary meters was measuring too low by a factor of three. Well, that's nota
surprise, given the harsh environment. I haven't used the particular meter that you
were using before, but I did look at the manual for it, and it clearly states that a
dirty sensor will cause measurements to be too low.

But I think how you addressed that issue indicates further inexperience. Since
you don't mention the meter test I made showing it was a factor of three too low
in your paper, but only indicate that you found the problem post project, it
appears that you just kept using the meter, without trying to figure out what was
wrong with it, and without instituting any additional meter checks.

Instead, it wasn't until the end of the project that you did any further checks, and
at that point the response of the meter had changed again, to being low by about
34%. In order to understand more about the problem, you tried to use your Hi-

Flow data to validate the meter results. Now your laboratory comparisons of the
two for the most part are excellent and agree within 10%. But surprisingly, your
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field comparisons of the Hi-Flow to the meters are far worse. For measurements
where either one or the other was >0.5 scth, only 4 out of 19 (21%) are within
25%, and even for measurements >6 scth, only 3 out of 10 (30%) are within 25%
of cach other. You do allude to the possibility of leaks affecting the
measurements but don't give any indication that you tried to quantify the leaks
that you think affected the measurements.

For comparison, in the WSU distribution work, where direct and tracer
measurements were compared, 10 out of 14 (71%) were within 50% of each
other, over a range of about 0.6 to 56 scth. Now I would have liked that to be
better, but I think I understand some of the challenges, one being that some of
those that are far off are at really low emission rates, so missing just one source
could throw you off a lot. But keep in mind, that's measuring the whole M&R
facility or an underground leak, and comparing it to a downwind tracer flux
measurement, so you have lots of challenges including multiple measurements at
the facility and tracer source configurations.

But for your pneumatic work, while doing a direct comparison of Hi-Flow to
meters, for just single sources, only 7 of 19 (37%) were within 50% of each other
over a similar emission range of 0.5 to 60 scth.

So unfortunately your comparison of High Flow to meters should not have been
used to justify correcting your meter, especially when my direct test of that
meter's performance mid-project showed it was much worse than the post project
check indicated.

Another indication of the meter uncertainty came from Matt Harrison, who was
present when I found that your meter was reading a factor of three too low, and
said at the time, "Yeah, everyone knows that meter is flaky. You can hook it up
to an pneumatic and hear the pneumatic fire but not see anything on the meter."

Now, along with the sensor getting dirty, your meter measurements might have
been affected by two other factors mentioned in the meter manual. These meters
are supposed to be oriented upright, and you need a certain length of straight run
(I think for the meter you were using, six inches) before the meter. However, it
appears, looking at a slide from the presentation about the project on your website
shown below, that those conditions weren't met either. Although you can see in
the close up that the meter is marked with a label that says "Keep Upright and
Level", that condition hasn't been met in either configuration pictured.
Additionally, the entrance length doesn't appear to meet the required distance
either.

<Upside Down Meter 1 jpg>
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<Upside Down Meter Close-up.jpg>

I think these issues were all compounded by perhaps your lack of experience with
what information editors and reviewers need to evaluate field measurement
papers. Your meter problem is only mentioned in a footnote on page 59 of your
Supplementary Information, and was likely missed by the editor and reviewers.
But if reviewers with substantial field experience understood the entire picture --
that you only checked your calibration before and after the project, that there was
an undisclosed mid project test showing meter performance was much worse than
the correction you applied, that after you were shown one meter was faulty in the
middle of the project that you simply continued to use it without finding out what
was wrong or instituting improved calibration checks, "that everyone knew that
meter was flaky," and that your Hi-Flow and meter field measurements don't
compare very well -- I believe they would conclude that you didn't meet the
fundamentals of quality assurance and that the paper would have been rejected.

So unfortunately neither the Phase I or Phase II data should be used by EPA.
Although there may be large uncertainties in inventories, we shouldn't include
numbers that have such large question marks. Think about cancer treatments.
Those have very uncertain outcomes, but that doesn't mean that we don't want
good quality assurance in cancer research or in the dosages of drugs or radiation
therapy that are used. And when you consider the broad environmental impact of
air toxics to the communities surrounding oil and gas facilities as well as the
consequences of climate change, it's critical that we use the best data possible.

And as I said at the start, safety is my biggest concern regarding the HiFlow
sensor failure, and I think perhaps again inexperience has caused you not to fully
appreciate what a critical safety issue this is. I've spent a lot of time measuring
leak rates at natural gas facilities, and I've seen facility personnel shut down units
in order to address large leaks that we found due to safety concerns -- I've done
lots of leak measurement programs that were focused more on the integrity of the
facility rather than the issue of greenhouse gases. Additionally, we don't know
how the sampler might be used in the future -- for instance, given GTI's and
WSU's work in distribution, it might be used to rank leaks for repair in that
segment (even though the WSU study used a different version of the sampler not
affected by this problem).

James Reason wrote a really great book about the Swiss cheese theory of disasters
(Reason, James (1997). Managing the risks of organizational accidents.
Aldershot: Ashgate. ISBN 1840141042.) which is widely studied in aviation,
engineering, and the fire service. In it he describes how the really terrible things
that happen usually occur because there have been failures on several levels, and
those failures line up to let something really bad happen.

We had a terrible example of that happen here in North Carolina a couple of years
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ago. A couple checked into a hotel, and the next morning they were dead. Seven
weeks later, an 11 year old boy died in the same room, and although his mother
survived, she had permanent brain damage.

All of that could have been avoided, because they were killed by carbon
monoxide. You might have seen this on 20/20:

http://abenews.go.com/US/morth-carolina-best-western-room-225-open-
deaths/story?id=21564280

Here's how it all lined up:

1) The hotel pulled an old pool heater out of another property and installed it at
that hotel, even though it was at the end of its life, meaning it was inefficient and
was at risk for producing more carbon monoxide, and they didn't get a city

inspection permit;

2) The vent pipe was corroded, and let the CO escape under the room where
everyone was killed;

3) There were holes in the fire place in the room that let more CO in that would
have come in otherwise;

4) The CO detectors that were supposed to have been installed in the rooms were
actually natural gas detectors, installed by mistake.

So that's what killed the first couple.
But here's why the little boy died:

1) Three days after the couple was killed, a family in the room above got really
sick, and complained, but the hotel didn't pay attention;

2) The family of the first couple raised warnings with the hotel and police that it
might be CO and again no one paid attention;

3) The medical examiner didn't visit the scene of the first couple and see that the
wife had thrown up (an important clue in CO poisoning)

4) He also didn't put an expedite order on their blood work, so it sat for 40 days
(two people simultancously dead in an enclosed space -- a huge alarm bell for
some toxic substance, especially CO);
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5) He finally got the results four days before the child died in the room, but;

6) He sat on them for a week and by the time he finally sent them out to the local
police; the child was had been killed and his mother permanently injured.

That's a tragic story, all right. And as you can imagine, the two families are suing
everyone in sight that had anything to do with any of that, and I would too if I had
lost a family member. Meanwhile, the DA also charged the head of the hotel
management group with three counts of manslaughter, and all of those cases are
still on going.

That's just one example of how tragic things can happen when we don't do
everything possible to ensure people's safety. But if you do just a little bit of
research, you'll see how frighteningly common that is.

So I know you'll want to address the Hi-Flow sensor failure issue immediately.
As I suggested at the start, let's do it this week. I can go up and meet with EPA
tomorrow or Friday, and if you can't be there in person, you can call in, and you
can have any interested parties from EDF or your production committees call in
as well. 1 know everyone's busy, but this won't take more than an hour, and 1
think we should all be willing to make that much time for such a critical issue.
Just let me know when the best time for all of you is.

Thanks,

Touche'

<Howard Energy Science and Engineering Analysis of UT Data Set 2015.pdf>

<ES&T Comment on Allen et al. Methane Emissions from Process
Equipment.pdf>

<Dave Allen Response to ES&T Letter.pdf>

<Touche Response to Dave Allen Comment in ESE Submitted 09 10 2015.pdf>
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To: McKittrick, Alexis[McKittrick.Alexis@epa.gov]; DeFigueiredo,
Mark[DeFigueiredo.Mark@epa.gov]; Kocchi, Suzanne[Kocchi.Suzanne@epa.govl;, Friedman,
Kristina[Friedman.Kristina@epa.gov]

From: Weitz, Melissa

Sent: Mon 12/14/2015 9:49:42 PM

Subject: FW. Safety Issues Regarding Hi-Flow Sampler Sensor Failure

From: Touche Howard [mailto:touche . howard@indacoaqgs.com]

Sent: Monday, December 14, 2015 4:42 PM

To: allen@che.utexas.edu

Cc: McKittrick, Alexis <McKittrick. Alexis@epa.gov>; terri_shires@aecom.com; Weitz, Melissa
<Weitz.Melissa@epa.gov>; Gunning, Paul <Gunning.Paul@epa.gov>; McCabe, Janet
<McCabe.Janet@epa.gov>; RAlvarez@edf.org; shamburg@edf.org; Fernandez, Roger
<Fernandez.Roger@epa.gov>; rharriss@edf.org; ritterk@api.org; dnelson@edf.org; sedlak-
office@est.acs.org; dmccabe@catf.us; dlyon@edf.org; Maxwell, Dave (Austin)
<dave.maxwell@aecom.com>; dschroeder@catf.us; dzavala@edf.org; Chuck Kolb
<kolb@aerodyne.com>; Gamas, Julia <Gamas.Julia@epa.gov>; linda.lee@arb.ca.gov;
bmordick@nrdc.org; amrowka@arb.ca.gov; casey.pickering@erg.com; Wisetiawa@arb.ca.gov;
Smith, James-D <Smith.James-D@epa.gov>; Snyder, Jennifer <Snyder.Jennifer@epa.gov>;
michael.ege@tceq.texas.gov; paige.sprague@tceq.texas.gov; adam.pacsi@chevron.com;
Jeff. Rees@pxd.com; matt.harrison@aecom.com; alr@andrew.cmu.edu;
awilcox@harcresearch.org; andres.restrepo@sierraclub.org; gabrielle.petron@noaa.gov;
natalie.spiegel@sierraclub.org; nathan.matthews@sierraclub.org; rsawyer@me.berkeley.edu;
Ganapathy, Roopa (EC/EC) <Roopa.Ganapathy@canada.ca>; vgowrishankar@nrdc.org;
dan.hill@pe.tamu.edu; Matthew.Fraser@asu.edu; seinfeld@caltech.edu

Subject: Safety Issues Regarding Hi-Flow Sampler Sensor Failure

Dave --

I think that Matt's statement of "I see no safety issue" (regarding the Bacharach Hi-Flow
sampler's problem of reporting leaks as far smaler than they actually are) might have resulted
from your team cither not being aware of all the potential uses of the Hi-Flow sampler or from
having a somewhat narrow view of what problems can compromise safety.

Probably half of the leak measurement programs I've conducted were for private companies
whose primary goals were to reduce gas loss and to improve safety, as opposed to cataloging
greenhouse gas emissions. At 1 to 2% of all the facilities I've been to, we found leaks that
caused the operators to immediately shut down equipment. Examples include leakage into
compressor distance pieces that was large enough to cause back pressure into the engine
crankcase, flanges that had a leak rate large enough that it might cause further gasket erosion and
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failure, and large leaks at welds on compressor fuel gas systems that might catastrophically fail
or be large enough to reach an ignition source due to induced sparking at vibrating components
in the ignition coil area.

Did we prevent explosions in those cases? We'll never know, but we did provide one layer of
defense by eliminating imminently dangerous conditions. So if only 1% of facilities have a
dangerous underlying condition that might go undiscovered if a Hi-Flow sampler fails, is it really
worth an hour of your time to address this issue? I think most people would say yes.

Even high flow surveys that focus on research or greenhouse gas reporting have the opportunity
to reduce dangerous conditions if done properly. I think the protocol in most (hopefully all) leak
measurement programs, whatever their focus, is to immediately alert facility operators of any
hazardous conditions found. So it's certainly not acceptable to leave hazards unidentified due to
sampler failure just because many surveys are focused on greenhouse gas emissions instead of
facility integrity.

Other instances where sampler failure might affect safety are when it is used to make an on the
spot repair decision when a leak is discovered by an operator and when it is used to survey
facilities being put into initial service. And as I pointed out previously, we don't know all the
ways a sampler might be used now or in the future. If, for instance, it were used to rank
distribution leaks for repair, under reporting large leaks could have tragic consequences.

Now you might think that other indications, such as an IR camera, or auditory, visual, and
olfactory (AVO) detection would provide clues that a leak was much larger than the sampler
indicated, but most people just don't have that level of experience, and a noisy and/or hot
environment can make it even more difficult. There's an excellent example of this in your Phase
II pneumatic work, where Device No. XQO01-PC04 was measured both by Hi-Flow (0.13 scth)
and meter (37.37 scth), and you assume the Hi-Flow measurement is too low due to the device
not being adequately enclosed. However, this device was a continuous bleed controller with a
high emission rate (in the top 20% of the continuous controllers you measured). Consequently,
even though the Hi-Flow was making an easy to read steady state measurement for most of that
interval, your technicians did not recognize that the Hi-Flow reading was almost 300 times too
low (if they had, they would have certainly attempted to correct the problem while the
measurement was being made). This highlights that even people who had been making these
type of measurements day after day during an extensive field program could not accurately judge
emission rates without reliable instrumentation.

And although safety systems like gas detectors or hot work permits provide one line of defense,
they can't always protect the facility from a leak that could have been fixed but wasn't, and then
cither failed catastrophically or found an ignition source before automatic detection shut down
equipment. Having been to so many facilities, I've heard lots of stories of past explosions. My
favorite was was told to me by an operator who was the son of a compressor station manager.
When he was growing up, they lived near the station, and one night after dinner he wanted to go
to the mechanic's shop at the site to work on his car. Oh, no, his mother says, it's your turn to do
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the dishes. So there he is, sulking at the sink, when the station blows up, basically right in front
of him as he's watching out the kitchen window, and destroying with it the mechanic's shop
where he would have been if his mother hadn't made him wash dishes.

Unfortunately, not all the stories had a happy ending like that.

I hope this provides a better perspective on the safety issues involved.

Thanks,

Touche'

On Wed, Dec 9, 2015 at 8:56 PM, Harrison, Matt <matt. harrison@aecom.com™> wrote:

I'see no safety issue. HiFlows are never used as safety devices to my knowledge
Matt Harrison
512-694-0572

Sent from my iPhone

On Dec 9, 2015, at 2:25 PM, "Touche Howard" <touche howard@indacoags.com> wrote:

Dave --

Now that the EPA is considering using your initial EDF study at production sites
(published in PNAS in 2013) and your follow-up study on pneumatic controllers
(published in ES&T in 2014), it's critical that we resolve the Hi-Flow sensor failure
and other quality assurance issues surrounding those studies as soon as possible. The
quickest way to do that is for us to directly discuss these issues with EPA and I think
once you understand the evidence, you'll be able to see the problems immediately. To
that end, let's try to get together tomorrow or Friday. (Melissa and Alexis - I can come
up and meet with you either day, and if Dave can't make it, he can call in.)

My biggest concern is safety -- having an instrument that reports natural gas leaks far
lower than they actually are is clearly a huge safety issue, and as long as you tell
people that this problem didn't occur in your work, it will be very hard for anyone to
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take it seriously. Meanwhile, for you and EPA, this also represents important health
and environmental concerns. And of course since you wetre chair of the EPA Science
Advisory Board while you were conducting this research, and the Hi-Flow sampler is
one of the methods approved by EPA to make measurements for their greenhouse gas
reporting program under Subpart W, I'm sure you feel a special responsibility to
address these issues as soon as possible.

I've attached my ESE paper outlining the problems in your initial 2013 production
study as well as my letter and your response about the 2014 study. I've also attached a
reply that I wrote in response to your commentary on my paper in ESE, because even
though you withdrew that commentary after seeing my response, I think my response
did clarify some of the issues.

Since we unfortunately haven't had an opportunity to discuss these issues directly, I'll
summarize the evidence here and what I believe are your counterpoints, based on your
reviews of my paper and the commentary you submitted. I also want to allay your
concerns, which you've stated to others, that I'm raising these issues because I want to
sell my own samplers or services. I'm only wrapping up loose ends now, and after this
I won't be working in this area any more.

The first issue is sensor transition failure in the Bacharach Hi-Flow Sampler (BHFS),
where it can fail to transition from the low range (0 to 5% gas) catalytic oxidation
sensor to the high range (5 to 100% gas) thermal conductivity detector, which can
cause the sampler to report large leaks as being much smaller that they are. We don't
know why this happens, but there's no question that it can, because we demonstrated it
in three different instruments, including yours. It doesn't seem to occur for pure
methane streams, but we've seen it in the field for gas streams with methane content as
high as 91% (J. Air Waste Manag. Assoc. 65:856-862. doi:
10.1080/10962247.2015.1025925).

The effect of this problem is clear in your Phase I data, which I've plotted below
showing emission rate as a function of site methane composition. As you can see,
most of the high emitters only show up at sites with high methane compositions, and
there's no reason that should happen in the real world, especially when you consider
that it occurs for several different types of sources.

<image.png>G

Now I believe your counter argument is that this phenomenon is due to air pollution
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control regulations reducing emissions in the Rocky Mountain region, where the
methane content of the gas is lower as well. However, several things tell us that's not
the cause of the trend in the figure above. First, even when you take the Rocky
Mountain region out of the analysis, there's still far more high emitters at sites with
higher methane content. Second, even within just the Appalachia region, the
occurrence of high emitters increases dramatically over a very narrow range of site
methane compositions, from 95% to 98% methane (shown below). What that tells us
is that sampler can start seeing some of the high emitters once methane composition is
in the range of 95%, but is still missing a lot of them until methane composition gets
up to the 97 to 98% range. This is also an extremely important indicator that this
problem could be occurring even for gas streams with methane content above 95%,
meaning the problem could occur in all segments of the natural gas industry.

<image.png>

Finally, your emissions measurements made by tracer technique confirm that sensor
failure occurred and that the trend of emission rate vs concentration is not caused by
regional differences. Now, in your comment you said you found my analysis of your
tracer data complex, probably because I showed how Hi-Flow measurements got lower
and lower than the tracer measurements for sites with fewer estimated emissions from
sources like tanks. So I've simplified that analysis, and just removed the two sites that
had 98% or more of the emissions estimated as opposed to measured. This comparison
of the tracer versus on site Hi-Flow measurements is shown below.

<image.png>

So clearly, as you've suggested, there are regional differences, assuming these sites are
representative. The tracer data shows that the emissions from sites in the Rocky
Mountain (RM) region are lower than the sites in the Mid-continent (MC) region,
although in the same range as 75% of the Appalachia (AP) sites. But just as clearly,
the sites with lower methane content (Rocky Mountain and Mid-continent, where
sensor failure might occur consistently) have far lower (about a factor of two) Hi-Flow
measurements than the tracer technique. Meanwhile, the sites with high methane
content (Appalachia, where the problem isn't expected to occur) have Hi-Flow
measurements close to or exceeding the tracer measurements. Keep in mind that
because some of the on-site data comes from estimates, this masks the magnitude of
the error, but at least this is a simple comparison.

Now if the variations between the tracer and the Hi-Flow were due to random
experimental errors, then we'd expect roughly 50% of the sites to have tracer greater
than Hi-Flow, and 50% lower. It's actually a 70/30 split, but the remarkable thing is
that we can predict which region will have tracer greater than Hi-Flow and which
won't. This is pretty much the same thing as me being able to walk into a bar and
betting the barmaid that if I stand on her side of the bar and flip a coin it will always
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come up heads, but if I stand on my side of the bar and flip a coin, it will always come
up tails. And in between drinks, we run that experiment, and it turns out that I'm right
16 out of 17 times.

Now that's a bar bet I'd like to be able to make routinely.

You also said in your unpublished comment to ESE that the testing I conducted on
your instrument and others in March of 2013 showed a low occurrence of this
problem. That's true of course, but I was surprised you said that, since you know that
immediately after we did that testing that I met with some very experienced Hi-Flow
technicians who specifically told me that they had fixed some of their samplers that
had been reporting leaks too low by upgrading the sampler's software. Since all of the
samplers we tested when we tested yours had new generation software, the only real
surprise is that we saw any failure at all, and that failure was in your sampler. So even
though new software improves the problem, it doesn't fix it completely. Additionally,
there are lots of these samplers around the US and the world using older software, and
lots of data that has been collected using samplers prior to software upgrades.

One other argument you made was that your Phase I pneumatic data, made by Hi-
Flow, was higher than your Phase Il pneumatic data, collected by meter, and if your Hi-
Flow had been reporting too low, this should have been the other way around. The
reason this isn't true is that your Phase I pneumatic data is clearly an emitter data set
(95% of them are emitting) while your Phase II data set is a comprehensive data set
(about 21% are actual emitters). So you accidentally excluded sampling zero emitters
in Phase I, which biases that data high by a factor of four to five, and offsets any Hi-
Flow sensor failure. Additionally, the Phase Il data actually shows exactly what I
predicted to you it would show -- that the high emitters are more predominant at sites
with lower methane compositions when measured by the inline meter as opposed to
your Phase [ measurements, where the sensor failure caused the high emitters at those
sites to be under reported.

In any case, I think this shows that it probably would have been better to involve me
directly in discussions you had with the EDF committees and others about this problem
after I brought it to you in October of 2013, because I could have explained
immediately why the reasons you thought this problem didn't affect your Phase I data
were incorrect. It has been puzzling to me that given the overwhelming evidence, that
this problem wasn't obvious to you, but I'm wondering if that might be due to
inexperience with field measurements. As an example, in both your Phase I and Phase
II papers, you incorrectly describe the operation of the Hi-Flow sensors, and without
understanding that the Hi-Flow has to to switch back and forth between sensors to
make accurate measurements, it's probably impossible for you to understand the sensor
transition problem.

I'm wondering if inexperience might have also led to the problems in your Phase II
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work as well. It's a harsh environment for meters to be transported between field sites
on rough roads and have raw natural gas run through them, and I think most people
with experience in field measurements would have built in a routine testing of those
meters during the project, rather than just check them before and after the project as
you did. When you're out in the field looking at pneumatics, you see lots of them with
oil or other hydrocarbon accumulations, so it's easy to picture how the meter sensor
could get fouled, as yours did. I would think at lecast a weekly multi-point meter
calibration and a daily single point flow check would be required to ensure accurate
measurements. which is what was done during the EDF WSU distribution work. The
Indaco Hi-Flows that were used in that project have a very similar flow measurement
system to your Fox meter, which is a thermal element in a tube, and even though the
distribution study was a much less harsh environment, where leaks of relatively clean
distribution gas were measured and the flow system dilutes those leaks with air before
the gas hits the sensors, full scale weekly calibrations and single point daily flow
checks were conducted.

Now, as you remember, while that project was ongoing, I found that one of your two
primary meters was measuring too low by a factor of three. Well, that's not a surprise,
given the harsh environment. I haven't used the particular meter that you were using
before, but I did look at the manual for it, and it clearly states that a dirty sensor will
cause measurements to be too low.

But I think how you addressed that issue indicates further inexperience. Since you
don't mention the meter test I made showing it was a factor of three too low in your
paper, but only indicate that you found the problem post project, it appears that you
just kept using the meter, without trying to figure out what was wrong with it, and
without instituting any additional meter checks.

Instead, it wasn't until the end of the project that you did any further checks, and at that
point the response of the meter had changed again, to being low by about 34%. In
order to understand more about the problem, you tried to use your Hi-Flow data to
validate the meter results. Now your laboratory comparisons of the two for the most
part are excellent and agree within 10%. But surprisingly, your field comparisons of
the Hi-Flow to the meters are far worse. For measurements where either one or the
other was >0.5 scth, only 4 out of 19 (21%) are within 25%, and even for
measurements >6 scth, only 3 out of 10 (30%) are within 25% of each other. You do
allude to the possibility of leaks affecting the measurements but don't give any
indication that you tried to quantify the leaks that you think affected the
measurements.

For comparison, in the WSU distribution work, where direct and tracer measurements
were compared, 10 out of 14 (71%) were within 50% of cach other, over a range of
about 0.6 to 56 scfh. Now I would have liked that to be better, but I think I understand
some of the challenges, one being that some of those that are far off are at really low
emission rates, so missing just one source could throw you off a lot. But keep in mind,
that's measuring the whole M&R facility or an underground leak, and comparing it to a
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downwind tracer flux measurement, so you have lots of challenges including multiple
measurements at the facility and tracer source configurations.

But for your pneumatic work, while doing a direct comparison of Hi-Flow to meters,
for just single sources, only 7 of 19 (37%) were within 50% of each other over a
similar emission range of 0.5 to 60 scfh.

So unfortunately your comparison of High Flow to meters should not have been used
to justify correcting your meter, especially when my direct test of that meter's
performance mid-project showed it was much worse than the post project check
indicated.

Another indication of the meter uncertainty came from Matt Harrison, who was present
when I found that your meter was reading a factor of three too low, and said at the
time, "Yeah, everyone knows that meter is flaky. You can hook it up to an pneumatic
and hear the pneumatic fire but not see anything on the meter."

Now, along with the sensor getting dirty, your meter measurements might have been
affected by two other factors mentioned in the meter manual. These meters are
supposed to be oriented upright, and you need a certain length of straight run (I think
for the meter you were using, six inches) before the meter. However, it appears,
looking at a slide from the presentation about the project on your website shown
below, that those conditions weren't met either. Although you can see in the close up
that the meter is marked with a label that says "Keep Upright and Level", that
condition hasn't been met in either configuration pictured. Additionally, the entrance
length doesn't appear to meet the required distance either.

<Upside Down Meter 1 jpg>

<Upside Down Meter Close-up.jpg>

I think these issues were all compounded by perhaps your lack of experience with what
information editors and reviewers need to evaluate field measurement papers. Your
meter problem is only mentioned in a footnote on page 59 of your Supplementary
Information, and was likely missed by the editor and reviewers. But if reviewers with
substantial field experience understood the entire picture -- that you only checked your
calibration before and after the project, that there was an undisclosed mid project test
showing meter performance was much worse than the correction you applied, that after
you were shown one meter was faulty in the middle of the project that you simply
continued to use it without finding out what was wrong or instituting improved
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calibration checks, "that everyone knew that meter was flaky," and that your Hi-Flow
and meter field measurements don't compare very well -- I believe they would
conclude that you didn't meet the fundamentals of quality assurance and that the paper
would have been rejected.

So unfortunately neither the Phase I or Phase II data should be used by EPA. Although
there may be large uncertainties in inventories, we shouldn't include numbers that have
such large question marks. Think about cancer treatments. Those have very uncertain
outcomes, but that doesn't mean that we don't want good quality assurance in cancer
research or in the dosages of drugs or radiation therapy that are used. And when you
consider the broad environmental impact of air toxics to the communities surrounding
oil and gas facilities as well as the consequences of climate change, it's critical that we
use the best data possible.

And as I said at the start, safety is my biggest concern regarding the HiFlow sensor
failure, and I think perhaps again inexperience has caused you not to fully appreciate
what a critical safety issue this is. I've spent a lot of time measuring leak rates at
natural gas facilities, and I've seen facility personnel shut down units in order to
address large leaks that we found due to safety concerns -- I've done lots of leak
measurement programs that were focused more on the integrity of the facility rather
than the issue of greenhouse gases. Additionally, we don't know how the sampler
might be used in the future -- for instance, given GTI's and WSU's work in distribution,
it might be used to rank leaks for repair in that segment (even though the WSU study
used a different version of the sampler not affected by this problem).

James Reason wrote a really great book about the Swiss cheese theory of disasters
(Reason, James (1997). Managing the risks of organizational accidents. Aldershot:
Ashgate. ISBN 1840141042.) which is widely studied in aviation, engineering, and the
fire service. In it he describes how the really terrible things that happen usually occur
because there have been failures on several levels, and those failures line up to let
something really bad happen.

We had a terrible example of that happen here in North Carolina a couple of years
ago. A couple checked into a hotel, and the next morning they were dead. Seven
weeks later, an 11 year old boy died in the same room, and although his mother
survived, she had permanent brain damage.

All of that could have been avoided, because they were killed by carbon monoxide.
You might have seen this on 20/20:

http://abenews.go.com/US/morth-carolina-best-western-room-225-open-
deaths/story?1d=21564280
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Here's how it all lined up:
1) The hotel pulled an old pool heater out of another property and installed it at that
hotel, even though it was at the end of its life, meaning it was inefficient and was at

risk for producing more carbon monoxide, and they didn't get a city inspection permit;

2) The vent pipe was corroded, and let the CO escape under the room where everyone
was killed;

3) There were holes in the fire place in the room that let more CO in that would have
come in otherwise;

4) The CO detectors that were supposed to have been installed in the rooms were
actually natural gas detectors, installed by mistake.

So that's what killed the first couple.
But here's why the little boy died:

1) Three days after the couple was killed, a family in the room above got really sick,
and complained, but the hotel didn't pay attention;

2) The family of the first couple raised warnings with the hotel and police that it might
be CO and again no one paid attention;

3) The medical examiner didn't visit the scene of the first couple and see that the wife
had thrown up (an important clue in CO poisoning)

4) He also didn't put an expedite order on their blood work, so it sat for 40 days (two
people simultaneously dead in an enclosed space -- a huge alarm bell for some toxic
substance, especially CO);

5) He finally got the results four days before the child died in the room, but;

6) He sat on them for a week and by the time he finally sent them out to the local
police; the child was had been killed and his mother permanently injured.

That's a tragic story, all right. And as you can imagine, the two families are suing
everyone in sight that had anything to do with any of that, and I would too if I had lost

a family member. Meanwhile, the DA also charged the head of the hotel management
group with three counts of manslaughter, and all of those cases are still on going.
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That's just one example of how tragic things can happen when we don't do everything
possible to ensure people's safety. But if you do just a little bit of research, you'll see
how frighteningly common that is.

So I know you'll want to address the Hi-Flow sensor failure issue immediately.

As I suggested at the start, let's do it this week. I can go up and meet with EPA
tomorrow or Friday, and if you can't be there in person, you can call in, and you can
have any interested parties from EDF or your production committees call in as well. 1
know everyone's busy, but this won't take more than an hour, and I think we should all
be willing to make that much time for such a critical issue.

Just let me know when the best time for all of you is.

Thanks,

Touche'

<Howard Energy Science and Engineering Analysis of UT Data Set 2015.pdf>
<ES&T Comment on Allen et al. Methane Emissions from Process Equipment.pdf>
<Dave Allen Response to ES&T Letter. pdf>

<Touche Response to Dave Allen Comment in ESE Submitted 09 10 2015 pdf>
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To: GHGInventory[ghginventory@epa.govl; RAlvarez@edf.org[RAlvarez@edf.org]; Rees,
JefflJeff. Rees@pxd.com], Dave Allen[allen@che.utexas.edu}; Lisa
Songllisa.song@insideclimatenews.org];, Weitz, Melissa[Weitz.Melissa@epa.gov]; McKittrick,
Alexis[McKittrick.Alexis@epa.gov]

From: Touche Howard

Sent: Thur 2/18/2016 10:02:33 PM

Subject: Re: Updates under Consideration for Production and Gathering and Boosting in the GHG
lnventory
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Howard ES&T Comment on Allen et al. 2014 Methane Emissions from Pro
Dave Allen Response to ES&T Letter.pdf
Touche Howard Response to Dave Allen ESE Rebuttal (Rebuttal Withdrawn by Allen).pdf
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ocess Equipment.pdf

Dear Ms. Weitz:

This email is a response to your request for feedback on your draft proposed revision to

production segment emissions, in particular for "feedback on other data sources (e.g., Allen et
al.2013 and 2014, the Prasino Group 2013) that could be considered for the development of emission
factors for equipment leaks and/or pneumatic controllers."

I would like to reiterate my concerns about the Allen et al. 2013 and 2014 studies that we discussed
during our meeting on February 5. As you are aware, the Bacharach Hi-Flow Sampler has been
demonstrated to fail to transition from its low scale to its high scale sample concentration sensor. As a
result, the Bacharach sampler can under report emission rates by orders of magnitude. As | reported in
Howard (2015) (attached), this sensor failure affected the Bacharach data collected by Allen et al. (2013),
and therefore that data (including data for equipment leaks and pneumatic controller emissions) should
not be used for the EPA GHG inventory.

An additional problem with the pneumatic controller data in Allen et al. (2013) is that it was not a random
sample, as intended, but inadvertently focused almost completely on devices that were emitting. This
possibility was acknowledged by Allen et al. (2014), where intermittent devices were emitting less than
20% of the time, compared to Allen et al., (2013) where intermittent devices were were emitting over 95%
of the time. Consequently, the pneumatic device data in Allen et al. (2013) would over report emission
rates since zeroes were excluded, although some of this over reporting may have been offset by the
sensor failure in the Bacharach sampler.

Both the Prasino (2013) and Allen et al. (2014) studies relied on installing flow meters in the pneumatic
device supply gas line, which required the supply gas to be turned off and then back on. This may have
reset some of the poorly behaving controllers which could be the highest emitters, causing the reported
data to be biased too low. Unfortunately, no before and after measurements using a non-intrusive
method were made in either study to examine this possibility.

Additionally, the Allen et al. (2014) study had meter calibration problems that were not fully disclosed.
The study team only checked the calibration of their Fox flow meters before and after the project.
However, flowing raw natural gas through flow meters presents a very challenging environment. Many of
the sites sampled had significant amounts of heavier hydrocarbons in the natural gas which is often
observed to foul pneumatic devices, so it's quite likely that the meters might become dirty during
measurements, and the Fox meter manual specifically states that if the meter element becomes dirty that
the meter will read too low.

| tested the two meters used by Allen et al. (2014) in March of 2014 while that project was on-going. This
test was conducted in the presence of two authors of that study (Matt Harrison and Adam Pacsi) as well

as the chair of that study's EDF Technical Working Group, Carrie Reese. At that time, | found one meter
to be reading too low by a factor of 2.8.
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However, Allen et al. (2014) did not disclose this test and only note in a footnote in their Supplementary
Information that at the end of the project that they found one meter to be dirty and that it needed a
correction factor of 1.52. They justified when to start applying this correction factor by comparing a
limited number of Bacharach Hi-Flow measurements to the Fox flow meter measurements.

Unfortunately, as seen in the graph below, this subset of data overall shows very poor agreement
between the two methods. Even for measurements where one method or the other indicated a flow rate
greater than 3 scfh (where both the Fox flow meters and the Bacharach Hi-Flow Sampler should be able
to make accurate measurements), less than half of the measurements agree within 50%, and over half
disagree by more than a factor of four. Consequently, these resuits should not have been relied on to
assess when to apply a correction factor or to determine that either meter maintained a stable calibration.

Finally, the failure of Allen et al. (2014) to disclose the tests that | conducted showing that their meter
calibration problems were far worse than they reported indicates that these authors did not understand
the information required by editors, reviewers, and readers to assess the validity of their data set, and
leaves open the possibility that they may have failed to report other problems as a result of that lack of
understanding.

If you have any questions about those meter tests, you might consider contacting Carrie Reese at
Pioneer Natural Resources (Carrie. Reese@pxd.com) who as | noted above was on-site during the testing
and witnessed the meter problems. You might also contact Ramon Alvarez at the Environmental Defense
Fund (RAlvarez@EDF.org) who was EDF's representative for this project. Ms. Reese told me that she
reported the results of the meter tests to Dr. Alvarez, so it might be helpful to ask him why he thought it
was appropriate for this information to be withheld.

I have also attached my response to Professor Allen's rebuttal to Howard (2015) which he subsequently
withdrew before publication, and our exchange of letters to ES&T regarding the problems with the Allen et
al. (2014) study.

Please let me know if you have any questions.

Regards,

Touche'

ED_001785E_00002386-00002

ED_001785E_00002386



FOIA EPA-HQ-2018-0005849

Allen etal, {2014) Bacharach Hi-Flow Sampler vs Fox Flow Meter Measurements
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On Wed, Feb 3, 2016 at 5:50 PM, GHGInventory <ghginventory(@epa.gov> wrote:

Dear Colleagues,

Thank you for your comments on updates under consideration for the distribution and
transmission and storage segments in the GHG Inventory.

Memos on updates under consideration for production and gathering and boosting in the
GHG Inventory are now available, and EPA is seeking your expert review of those updates
under consideration.

The Production memo is available at
http://www3 .epa.gov/climatechange/ghgemissions/usinventoryreport/ DRAFT Proposed Revision to Produc
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3-2016.pdf.

The Gathering and Boosting memo is available at
http//www3.epa.gov/climatechange/ghgemissions/usinventoryreport/ DRAFT Proposed Revision to NG G
Boosting Segment Emissions 2-2-2016.pdf.

EPA requests that stakeholders submit comments by February 18, 2016 to
ghginventory@epa.gov. We appreciate your efforts to provide comments within this
timeframe, as it will allow us time to incorporate your feedback into the upcoming GHG
Inventory. We will review and consider--for this year’s GHG Inventory as possible, or
future GHG inventories--feedback received after the deadline for the production and
gathering and boosting memos, and also for the previously released transmission and
storage and distribution memos.

Thank you again for your feedback on natural gas and petroleum systems in the GHG
Inventory.

Best regards,

Melissa

Melissa Weitz
Climate Change Division

U.S. Environmental Protection Agency

(202) 343-9897

Weitz.Melissa@epa.gov
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Response to Comment on “Methane Emissions from Process
Equipment at Natural Gas Production Sites in the United States:

Pneumatic Controllers”

oward" has provided comments on our report of methane

emissions from pneurmatic controllers at natural ges
production sites.? We disagree with the assertions mede in the
comment. The assertions include claims regarding sampling
methods and comparisons with other measurement studies. We
respond 1o each of these assertions below.

The primary assertions in the comment deal with our sampling
method and claim (1) sensor failure in our Hi-Flow instrument,
(2) faulty flow meters, and (3) resetting of mealfunctioning
pneurmatic controllers when we inserted flow meters to conduct
messurements.

(1) Sensor failure in the Hi-Flow instrument refers to a
potential failure of the HiFlow sampler to change between
its catalytic oxidation and thermal conductivity messure-
ment modes at approximately 5% hydrocarbon concen-
tration (—24 scf/h vent rate). To assess whether this
potential crossover failure impacted messurements in
Allen et al.? or our earlier work employing the
instrument, we conducted laboratory testing, field testing,
and additional analyses of field data.

Laboratory Testing: As documented in the Support-
ing Information for Allen et al.? prefield deploy-
ment laboratory testing of the sampler used in our
work (referred to here as the University of Texas
(UT) HiFlow sampler) demonstrated successful
crossover between the two measurement modes for
methane and a wet gas surrogate (70.5% methane
by volume).
Field Testing: The study team participated in a two-
day field test of several HiFlow samplers. Partic-
ipants in the field testing included our team, the
commenter, a consulting firm, an instrument
provider and consulting firm, and a natural ges
producer. During this field test, the UT HiFlow
sampler successfully crossed-over on sites with
methane concentrations in the produced gas
ranging from 77%-91%. Over 2 days of testing,
the UT HiFlow sampler crossed-over successfully in
all but one test; that test occurred at a site with a
produced gas containing 91% methane. Subsequent
examination of the instrument indicated that it had
lost calibration after losing power, then being
restarted by personnel not on our study team.
The sampling protocol in Allen et al.2 required a
calibration check each time the HiFlow sampler was
turned on. Once the calibration protocol was
followed, the HiFlow sampler resumed proper
operation.
Additional Analysis of Allen et al® Data: Infrared
(IR) video camera scans were taken on some sites
o ACS Publications

© XXXX American Chemical Society

)

during field work for Allen et al.,2 including for 118
of the 305 pneurmatic controllers (39%) sampled in
that work. These infrared camera scans were done
immediately upon arrival at the site and thus were
not exactly contemporaneous with the UT HiFlow
measurements. Nevertheless, if the crossover
problem were to have been prevalent, then the
expectation would be to find infrared camera scans
for which large legks were detected by the IR camera
but not measured by the UT HiFlow sampler. From
this subset of data, 5 of the 118 devices had
detectable emissions in the IR camera scan that
were not captured by the subsequent UT HiFlow
messurement. However, 7 of the 118 devices
without detected emissions in the IR scan were
found to have emissions between 0.2 and 5.0 scf/h
by the UT HiFlow sampler. A likely explanation for
these differences, based on the measurements we
report in Allen et al? (see Figure 1 in that
publication), is the intermittent venting pattern of
some pneurmatic controllers. Because of intermit-
tent venting, some controllers would be expected to
vent while being observed by the IR camerg, but not
when later being observed by the UT HiFlow
sampler, and vice versa. Owerall, the comparison
with IR camera data suggests that the UT HiFlow
sampler wes capturing the emissions from pneu-
matic controllers in its measurements.

From these laboratory measurements, field measure-
ments and additional analyses, we conclude that sensor
failure did not significantly impact the messurements
made with the UT HiFlow sampler in either Allenetal or
Allen etal®
Theassertion of faulty flow meters refers to the readings of
the flow meters being affected by deposits on the thermal
conductivity sensor that could occur during the field
campaign. These flow meters were inserted into thesupply
ges line of the pneumatic controllers during the field
campaign and were the primary source of data in Allen et
al2 While not anticipated prior to the study, our
observations in the field revealed that the supply ges to
some controllers had the potential to create deposits,
which can lead to controller malfunction as well a5
deposits on flow meters inserted into controller supply ges
lines. Poststudy testing revealed that these depasits did
occur on one of our flow meters (designated Fox A), but
not the other two meters (FoxBand C). Because we were
making measurements using both the UT HiFlow sampler
and the flow meters for asubset of controllers in the field,
we were able to identify the site at which a step change

DOI: 10.1021/acs.est 5600941
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occurred in the flow measurement performance of the Fox
A meter, due to deposits on the thermal conductivity
sensor. We applied a correction factor, based on pre-and
poststudy testing done in our laboratory, to the flow rate
measurements made by the Fox A meter after the deposits
occurred. Thisadjustment was documented in the dataset
we reported in the Supporting Information (Section 4,
particularly TableS4—4) for Allenetal 2 In the Supporting
Information, we describe the adjustment and flag every

controller messurement to which the adjustment wes
applied. Thus, we believe that we have corrected for the
impact that deposits on one of the flow meters had on our
messurements, in a transparent and well-documented
manner.

(3) Resetting of malfunctioning pneumatic controllers refers
to potential alteration of pneumatic controller behavior
due to the insertion of the supply ges meter. While this
cannot be ruled out as a possibility, we have no evidence
that this occurred. We believe that we minimized the
potential for this behavior by having a site operator,
familiar with the site and the controllers (rather then the
study team), insert the flow meter, while the study team
obsened the process. If there were a high pneumatic
controller bleed rate that became low or zero after the
connection, this should have been observeble by the
company operator and the field team through the audible
venting of the controller. After the flow meter was inserted,
the study team waited approximately 5 min before
collecting flow measurement data.

ll} comPARISON WITH OTHER MEASUREMENT

STUDIES
The comment makes comparisons between the data reported in
our field work? and measurements reported in previous
messurements by our team’ and messurements made by a
study conducted in British Columbia and Alberta* We caution
against making direct comparisons without correcting for
differences in sample sets and the wag in which controllers are
classified. Ve note that while our work” sampled all controllers at
conventional and unconventional natural gas well sites in many
production regions, the Canadian study was conducted in only
one production region and selected controllers with manufac-
turer reported bleed rates in excess of 4.2 standard cubic feet per
hour (scf/h). The Allen et al.® study sampled only relatively
young wells producing from shale formations. In addition,
classifications of controllers (such as intermittent) can be done
based measured emissions from the controllers (as in Allen et
al2) or based on the design of the controlier (as in the Canadian
study and our earlier work®), and there is a high degree of
variability in these clessifications. We have described these
differences in our report,? identifying and correcting for these
sampling diferences, and will not repeat those comparisons here.
We emphasize, however, that such comparisons must be done
with caution. Thecomparisons in the commentsdo not appear to
have accounted for the differences in sample populations.

David T. Allen*t

David W. Sulliven'

Matt Harrison*

TCenter for Energy and Environmental Resources,
University of Texasat Austin, 10100 Burnet Road, Building
133, MS. R7100, Austin, Texes 78758, United States

*AECOM (formerly URS Corporation)), 9400 Amberglen
Boulevard, Austin, Texas 78729, United States
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Introduction

Abstract

The University of Texas reported on a campaign to measure methane (CH,)
emissions from United States natural ges (NG) production sites as part of an
improved national inventory. Unfortunately, their study appears to have sys-
tematically underestimated emissions. They used the Bacharach Hi-Flow® Sampler
(BHFS) which in previous studies has been shown to exhibit sensor failures
leading to underreporting of NG emissions. The data reported by the University
of Texas study suggest their measurements exhibit this sensor failure, as shown
by the paucity of high-emitting observations when the wellhead gas composition
was less than 91% CH,, where sensor failures are most likely; during follow-up
testing, the BHFS used in that study indeed exhibited sensor failure consistent
with under-reporting of these high emitters. Tracer ratio measurements made
by the University of Texas at a subset of sites with low CH, content further
indicate that the BHFS measurements at these sites were too low by factors of
three to five.Over 98% of the CH , inventory calculated from their own data
and 41% of their compiled national inventory may be affected by this measure-
ment failure. Their data also indicate that this sensor failure could occur at
NG compositions as high as 97% CH,, possibly affecting other BHFS measure-
ment programs throughout the entire NG supply chain, including at transmission
sites where the BHFS is used to report greenhouse gas emissions to the United
States Environmental Protection Agency Greenhouse Gas Reporting Program
(USEPA GHGRP, US. 40 CFR Part 98, Subpart W). The presence of such an
obvious problem in this high profile, landmark study highlights the need for
incressed quality assurance in all greenhouse gas measurement programs.

Protection Agency (USEPA) estimates CH, emissions from
the NG supply chain by scaling up individual ground-level

The climatic benefitsof switching from coal to natural
ges (NG) depend on the magnitude of fugitive emissions
of methane (CH,) from NG production, processing, trans-
mission, and distribution [12, 13, 27]. This is of particular
concern as the United States incressingly exploits NG
from shale formations: a sudden increese in CH, emis-
sions due to increased NG production could trigger climate
“tipping points” due to the high short-term global warm-
ing potential of CH, (86x carbon dioxide on a 20-year
time scale) [19]. The United States Environmental

measurements, mostly collected by reporting from industry
[26]. However, some recent studies have questioned
whether these “bottom-up” inventories are too low, since
airborne measurements indicate that CH, emissions from
NG production regions are higher than the inventories
indicate [5, 14, 17, 20, 21].

In order to help determine the climate consequences
of expanded NG production and use, and to address the
apparent discrepancy in top-down and bottom-up meas-
urements, the University of Texas (UT) at Austin and the

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 1
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Environmental Defense Fund launched a large campaign
to measure CH, emissions at NG production sites in the
United States [1]. This study used both existing EPA GHG
inventory data and new measurements fo compile a new
national inventory of CH, emissions from production sites.
Forty-one percent of this new inventory was based on
measurements made by [1], which included measurements
of emissions from well completion flowbacksas well as
measurements of emissions from chemical injection pumps,
pneumatic devices, equipment leaks, and tanks at 150 NG
production sites around the United States already in routine
operation (measurements from tanks were not used for
inventory purposes). However, the measurements of emis-
sions at well production sites already in operation (which
comprised 98% of the new inventory developed by [1])
were made using the Bacharach Hi-Flow Sampler (BHFS;
Bacharach, Inc., New Kensington, PA) and recent work
has shown that the BHFS can underreport individual emis-
sions measurements by two orders of magnitude [10].
This anomaly occurs due to sensor transition failure that
can prevent the sampler from properly measuring NG
emission rates greater than ~0.4 standard cubic fest per
minute (scfm; 1 scfm = 1.70 m3 h™" or 19.2 g min™" for
pure CH, at 60°F [15.6°C] and 1 atm; these are the stand-
ard temperature and pressure used by the US. NG in-
dustry). Although this failure is not well understood, it
does not seem to occur when measuring pure CH, streams,
but has been observed in four different samplers when
measuring NG streams with CH, contents ranging from
66% to 95%. The sampler’s firmwareversion and elapsed
time since last calibration may also influencethe occur-
rence of this problem [10, 18].

This paper presents an analysis of the UT [1] emissions
measurements that were made with the BHFS, and shows
that high emitters (>04 scfm [0.7 m® h™']) were reported
very rarely at sites with a low CH, content in the well-
head ges (<91%), consistent with sensor transition failure.
It also details testing of the exact BHFS instrument used
in that study and shows the occurrence of this sensor
failure at an NG production site with a wellhead com-
position of 91% CH, (the highest CH, concentration site
available during testing). Finally, the downwind tracer
ratio measurements made by [1] at a subset of their test
sites are reexamined and indicate that the BHFS meeasure-
ments made at sites with low wellhead CH , concentrations
were too low by factors of three to five.

Evidence of BHFS Sensor Transition
Failure in the UT Dataset

The Allen et al. [1] UT dataset is unique due to the
large number of BHFS measurements made across a wide
geographic range, the variety of emissions sources

T. Howard

(equipment leaks, pneumatic devices, chemical injection
pumps, and tanks) and the wide range of NG composi-
tions (67.4-98.4% CH,) that were sampled. As such, the
UT study provides an important opportunity to evaluate
the occurrence of sensor transition failure in the BHFS
as well as the impact of this issue on emission rates and
emissions factors based on measurements in other seg-
ments of the NG supply chain.

The BHFS uses a high flow rate of air and a loose
enclosure to completely capture the NG-emitting from a
source, with the emission rate calculated from the total
flowrate of air and the resulting sample NG concentra-
tion, after the background NG concentration is subtracted.
The sampler uses a catalytic oxidation sensor to messure
sample concentrations from 0% to 5% NG in air, but
must transition o a thermal conductivity sensor in order
to accurately measure sample concentrations higher than
5%. It is the failure of the sampler to transition to the
higher range that has been previously observed by Howard
et al. [10] and which can prevent the sampler from cor-
rectly measuring emission rates larger than 0.3-0.5 scfm
(05-09 m3 h™) (corresponding to sampler flowrates of
6-10 scfm [10-17 m3 h™"]). Figure 1 summarizes data

100
& Lab test - 99.9% methane
904 B Field test - 77.8% methane
80 @ Field test - 66.3% methane i
% Modrak etal. (2012)

G 704 = 5% NG threshold
§ 60 -
£
% 50
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Figure 1. Occurrence of sensor transition failure in BHFS instruments
with natural gas of varying CH 4 content from field and lab testing and
from emission measurement studies (data from [10, 18]). NG
concentrations in the BHFS sampling system measured by the BHFS
internal sensor are compared to independent measurements of the
sample NG concentrations. The 5% NG sample concentration threshold
is the approximate concentration above which sensors should transition
from catalytic oxidation to thermal conductivity. BHFS, Bacharach Hi-
Flow Sampler; NG, natural gas.
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showing the occurrence of sensor transition failure in
several BHFS instruments during both fieldand laboratory
testing as well as an example of the failure that occurred
during an emission measurement study [10, 18].

Figure 2 presents the BHFS emission measurements
from [1] &s a function of percent CH, in wellhead gas
at each site. Figure 2 also shows a line corresponding to
emission rates of 0.3-0.5 scfm (0.5-0.9 m® h™"), which
represents the range of emission rates that would require
transition from the catalytic oxidation sensor to the ther-
mal conductivity sensor at sample flowsranging from 6
to 10 scfm (1017 m® h™").

As seen in Figure 2, there are very few measurements
in the thermal conductivity sensor range (above ~0.4 scfm
[0.7 m® h™]) at sites where the wellhead gas composition
of CH, is less than 91%, and this is true across all source
categories. Raw data for sample flowand concentration
from the BHFS were not provided in [1] supplemental
information, so for this analysis, an average BHFS sample
flowrate of 8 scfm (14 m 3 h™') has been assumed, which
is the lower of the two sampling flowsspecifiedby the
Bacharach operating manual [4]. At this sample flowrate,
an emission source of 0.4 scfm (0.7 m® h™") corresponds
with a sample concentration of 5% NG in air, above

5.0 @
@ Chemical injection pumps
4.5 #® Equipment leaks
4.0 @ Intermittent pneumatic devices
@ Low bleed pneumatic devices
2 335 #® Uncategorized pneumatic devices
bl oy,
2 30 B Tanks
& wane 5% NG Threshold at 6 to 10 scfm
§ 2.5
S
=4
=15
1.0
0.5
0.0

0%  73% B0% 85% 90% 95%

Well head gas CH, content

65% 100%

Figure 2. Emission rates of various sources measured by BHFS at NG
production sites versus CH 4 concentration of the wellhead gas (data
from [1]). The solid line indicates the maximum emission rate that could
be measured by the catalytic oxidation sensor only (i.e., in the case of
sensor transition failure). For sites with a NG composition greater than
91% CH,, 13.3% of the measurements are in the TCD sensor range,
assuming a sampler flow rate of 8 cubic feet per minute. For sites with
less than 91% CH 4, only 1.5% of the measurements are in the TCD
range. BHFS, Bacharach HiFlow Sampler; NG, natural gas; TCD, thermal
conductivity detector.

UT Study Underestimates Methane Emissions

which point the sampler would need to transition to the
thermal conductivity sensor to allow for accurate mees-
urements. For sites with CH, concentrations less than
91%, only four out of 259 measurements (1.5%) exceeded
04 scfm (0.7 m® h™), while for sites with CH,, concen-
trations greater than 91%, 68 out of 510 measurements
(13.3%) exceeded 04 scfm (0.7 m3 h™'). Consequently,
there were almost nine times fewer measurements in the
thermal conductivity range at sites with wellhead gas
compositions of <91% CH, (Fig. 2). If the sample flow
rate were 6 scfm (10 m® h™") (due to a flow restriction
or reduced battery power), the threshold for transition
to the thermal conductivity range would be 0.3 scfm
(05 m® h™); this would still mean that there were almost
seven times fewer measurements in the thermal conduc-
tivity range at sites with wellhead gas compositions of
<91% CH, than at sites with >91% CH,. Although it is
well known that a small percentage of NG emission sources
account for most of the total emissions from any given
population [9, 15, 25], it is unlikely that almost all the
significantemitters at NG production sites would occur
only at sites with well head gas compositions >91% CH,.
It is also unlikely that the emission rates of all of the
source categories surveyed by [1], which had diverse emis-
sion mechanisms such as equipment leaks, pneumatic
controllers, chemical injection pumps, and tanks, would
all have a ceiling of ~04 scfm (0.7 m® h™!) at sites with
lower wellhead gas CH, concentrations. Consequently, the
low occurrence of high emitters at sites with lower well-
head gas CH, concentrations in [1] indicates that sensor
transition failure occurred at sites with CH, content <91%
and is consistent with the BHFS sensor failure found by
Howard et al. [10].

Alternative Theories for the Emission
Rate Pattern

Other possible causes of the emission rate pattern in the
UT BHFS measurements were considered, including: re-
gional operating differences at production sites; lighter
ges densities resulting in higher emission rates; and im-
proved detection of emissions by auditory, visual, and
olfactory (AVO, eg., [24]) methods at sites with heavier
hydrocarbon concentrations.

Regional operating differences

Allen et al. [1] point out that air pollution regulations
in Colorado which required installation of low bleed
pneumatic devices in ozone nonattainment areas after
2009 might have led to lower emission rates in the Rocky
Mountain region, which also had the lowest average con-
centration of CH, in the wellhead ges. However, if the

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 3
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Rocky Mountain region is removed from the analysis,
the occurrence of emitters >04 scfm (0.7 m® h™") at
sites with wellhead gas <91% CH, wes still only four out
of 129 measurements (3.1%), while for sites with CH,
concentrations greater than 91%, there remain 68 out of
510 meesurements (13.3%) that exceeded 04 scfm
(0.7 m® h™") (there were no Rocky Mountain sites with
CH, >91%). Consequently, even if the Rocky Mountain
region is removed from consideration, the occurrence of
emitters >04 scfm (0.7 m® h™') was almost four times
less at sites with less than 91% CH, than at sites with
greater than 91% CH,, so air quality regulations in Colorado
do not appear to be the cause of the emission rate trend
shown in Figure 2.

Beyond air pollution regulations, other unknown regional
operating practices unrelated to CH, concentration might
coincidentally cause the apparent relationship of site CH,
concentrations with the occurrence of high emitters.
However, as shown in Figure 3, the increase in lesks
>0.4 scfm (0.7 m® h™") directly correlates with the incresse
in the average regional CH, concentration. Because there
are four regions and two variables (site CH, concentration
and the percent of leaks >04 scfm [0.7 m® h™']), the likeli-
hood that regional operating characteristics would coinci-
dentally cause the increase in occurrence of leaks >04 scfm
(0.7 m® h™") to mirror the increasing regional site CH,
concentration is only one in 24 (four factorial), or ~4%.
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Figure 3. Occurrence of equipment leaks >0.4 scfm in each region of
the [1] equipment leak data set. The odds of the occurrence of leaks
>0.4 scfm being positively correlated with site CH , concentration are
one in 24, which makes it unlikely this trend is due to regional operating
effects.

T. Howard

Other known operating characteristics of the regions, such
as average site pressure and average site age, are not related
to the occurrence of equipment leaks >04 scfm (0.7 m® h™):
average site pressures show no correlation, and average site
age is negatively correlated with the occurrence of equip-
ment leaks >04 scfm (0.7 m® h™").

Another argument against regional differences comes
from the air quality study conducted by the City of Fort
Worth ([6]; or the Ft. Worth study). Ft. Worth is part
of the Mid-Continent region definedby [1], where the
occurrence of equipment leaks only (as opposed to all
BHFS meesurement categories) >04 scfm (0.7 m® h™)
observed by [1] was 2.0% of the total equipment leaks
in that region. However, equipment leaks >04 scfm
(0.7 m® h™") were 9.9% of the equipment leaks measured
in the Ft. Worth study. This wes determined using the
Ft. Worth study categories of valves and connectors; their
remaining category of “other”, which included pneumatic
control devices, had an even higher occurrence of sources
>04 scfm (0.7 m® h™") of 27.0%. Previous work [10]
hes shown that although sensor transition failure likely
occurred in the Ft. Worth study, these incidents were
limited compared to those in [1]. Consequently, the much
lower occurrence of leaks >04 scfm (0.7 m® h™) in the
Mid-Continent region in [1] compared to the Ft. Worth
study indicates that sensor transition failure was responsible
for the low occurrence of emitters <0.4 scfm (0.7 m3 h™")
as opposed to regional differences.

Gas density

Wellhead ges with a lower CH, and a greater heavier
hydrocarbon content will be denser than gas with higher
CH, content. Since ges flowthrough an opening is in-
versely related to the square root of the gas density, streams
with lower CH, content would have a lower flowrate if
all other conditions were the same. However, this would
cause at most a 20% decreese for the lowest CH,/highest
heavier hydrocarbon streams compared to the highest
CH,/lowest heavier hydrocarbon streams observed in the
UT study. This would also result in a gradual increase
in emissions as CH, content incressed, as opposed to the
dramatic increese in emissions observed over a very nar-
row range of CH, concentrations (Fig. 2).

AVO detection

AVO methods might improve for ges streams with a
greater proportion of heavier hydrocarbons, since those
streams would have greater odor and might leave more
visible residue near a leak. However, Figure 4 presents
the occurrence of emitters >04 scfm (0.7 m® h™) as a
function of site CH, concentrations in the Appalachia

4 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 4. Occurrence of emitters >0.4  scfm as a function of site
wellhead gas composition in [1] for the Appalachia region. An emission
rate of greater than 0.4scfm would require the transition from catalytic
oxidation sensor to the thermal conductivity sensor for an average
sample flow rate of 8scfm. The dramatic increase in emitters >0.4scfm
over a harrow concentration range argues against the possibility that
auditory, visual, and olfactory leak detection is the cause of the emission
rate pattern seen in the [1] data set.

region alone. This region had the highest average CH,
concentration in wellhead ges of any of the regions sam-
pled in [1]. As seen in Figure 4, even over a very narrow
range of site CH, concentrations (from 95% to >98%
CHy), there is a dramatic increase in emitters >0.4 scfm
(0.7 m® h™") with incressing CH, concentration. It is
unlikely that AVO methods would become so much more
efficientover such a narrow range of high CH , concen-
trations where the ges streams are likely odorless and
would leave little residue. This dramatic increase in high
emitters at sites with high CH, concentrations within the
Appalachia region alone also argues against the previously
discussed regional operating differences hypothesis in gen-
eral, since this trend is within a single region. Additionally,
although the Rocky Mountain region surveyed by UT [1]
had the lowest average site CH, concentration (74.9%)
and heaviest hydrocarbon content, it actually had the
highest number of equipment leaks (of any size) per well
of all the regions, and there were 25% more leaks per
well in that region than in the Appalachia region, which
had the highest average site CH, concentration (97.0%)
and therefore the lowest heavier hydrocarbon content. If
AVO methods were more effective due to the presence
of heavier hydrocarbons, it seems unlikely the region with
the heaviest hydrocarbon concentrations would have the
highest rate of overall leak occurrences.

UT Study Underestimates Methane Emissions

Field Testing of the UT BHFS

Because the trend in the [1] data was consistent with
sensor transition failure in the BHFS and no other ex-
planation seemed plausible, | partnered with UT to test
the sampler used by [1]. During that field program, the
UT sampler had a version of firmwareearlier than ver-
sion 3.03, and older firmwareversions have been shown
to exhibit sensor transition failure [10]. However, the
possible effect of the sampler’s firmware version on the
sensor failure was not known before this testing of the
UT sampler, and at the time of my testing its firmware
had been upgraded to a custom version (3.04).

As previously explained, the BHFS uses a catalytic oxi-
dation sensor to measure sample stream concentrations
from 0% to ~5% NG, and a thermal conductivity sensor
for concentrations from ~5% to 100% NG. The catalytic
oxidation sensor is typically calibrated with 2.5% CH, in
air and the thermal conductivity sensor is calibrated with
100% CH, [4]. The manufacturer recommends sensor
calibration every 30 days, a process which adjusts the
response of the instrument. The calibration may also be
checked (“bump-tested”) periodically by the user, which
does not adjust the instrument response. It is important
to note that the description of the BHFS sensor operation
in the supplemental information of [1] is incorrect, as
they state that:

[A] portion of the sample is drawn from the manifold
and directed to a combustibles sensor that messures the
sample’s methane concentration in the range of 0.05-100%
ges by volume. The combustibles sensor consists of a
catalytic oxidizer, designed to convert all sampled hydro-
carbons to CO, and water. A thermal conductivity sensor
is then used to determine CO, concentration.

However, the BHFS manual [4] clearly states that the
catalytic oxidation sensor is used to measure concentra-
tions from 0% to 5% CH, and the thermal conductivity
sensor from 5% to 100% CH,. This is a critical distinc-
tion because understanding that the BHFS uses a different
sensor for each range and that it must transition from
the catalytic oxidation sensor to the thermal conductivity
sensor in order to conduct accurate measurements is criti-
cal to understanding the problem of sensor transition
failure.

| initially conducted fieldtesting of the UT sampler in
conjunction with the UT team at a NG production site
with a wellhead gas CH, concentration of 90.8%. NG
composition analysis (via gas chromatograph-flameioniza-
tion detector) of wellhead ges at this site was conducted
by the host company just prior to the sampler testing.
The tests were conducted by metering known flow rates
of NG into the BHFS inlets through a rotameter (King
Instrument Company, Garden Grove, CA; 0-10 scfm air

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 5
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scale). The sample concentration indicated by the internal
BHFS sensor was recorded and compared to an external
ges concentration monitor used to measure the actual
NG concentration at the sampler exhaust (Bascom-Turner
Gas Sentry CGA 201, Norwood, MA). The Gas Sentry
unit wes calibrated with 2.5% and 100% CH, prior to
the testing; exhaust concentrations measured using this
unit agreed with concentrations calculated using the sam-
pler flowrate and amount of NG metered into the inlet
to within an averege of £6%.

This fieldtesting was conducted in March of 2014 and
is described by [10]; the UT sampler is identified therein
as BHFS No. 3. At the time of this testing, the UT BHFS
had firmwareVersion 3.04 (September 2013); this sampler
had been calibrated 2 weeks prior to the fieldtest and had
been used for emission measurements at production sites
since that time. The response of the sensors was checked
(“bump-tested”) by the UT fieldteam but not calibrated
prior to the start of testing. This wes apparently consist-
ent with the UT fieldprogram methodology: the sampler
had been used for measurements with only sensor bump
tests, but without the actual calibration unless the sensors
failed the bump tests (as was acceptable according to the
manufacturer's guidelines) during their ongoing field
measurement program and was provided to me for these
measurements “ready for testing”.

Although the UT sampler’s internal sensors initially
meesured the sample concentration correctly, after
~20 min of testing the sampler’s sensors failed to transi-
tion from the catalytic oxidation scale (<5% NG) to the
thermal conductivity scale (>5% NG), resuiting in sample
concentration measurements that were 11-57 times lower
than the actual sample concentration (Fig. 5). Because
sample concentration is directly used to calculate emission
measurements made by the sampler, this would result in
emission measurements that are too low. After this sensor
transition failure occurred, the UT BHFS was calibrated
(not simply “bump-tested”) and thereafter did not exhibit
any further sensor transition failures even during a second
day of testing at sites with wellhead CH, concentrations
as low as 77%. Two other BHFS that were not part of
the UT program were also tested using the same proce-
dure; these instruments had the most updated firmware
commercially available (Version 3.03) and were put through
an actual calibration sequence by the instrument distribu-
tfor’s representative prior to any testing. Neither of these
instruments exhibited sensor transition failure at any of
the sites. These results combined with the sensor transi-
tion failure previously observed in instruments with earlier
versions of firmware suggest that the combination of
updated firmwareand frequent actual calibrations might
reduce sensor failure, although this has not been proved
conclusively [10, 11].

T. Howard
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Figure 5. Performance of the BHFS used during the [1] study with NG
composed of 90.8% CH,; instrument firmware had been upgraded to
version 3.04 after that study but before this testing; calibration was

2 weeks old. Sensor transition failure set in after ~20min of testing; this
failure was eliminated once the BHFS was put through a calibration
sequence (as opposed to just a response test). BHFS, Bacharach HiFlow
Sampler; NG, natural gas.

The UT recently published a follow-up study of pneu-
matic device emissions [2]. As part of this work, Allen
et al. [2] conducted laboratory testing of the UT BHFS
by making controlled releases of both 100% CH, and a
test gas of 70.5% CH, mixed with heavier hydrocarbons
into the UT BHFS and did not report any sensor transi-
tion failures during these tests, but during this laboratory
testing the sampler (with the updated firmware version
3.04) wes calibrated (not ‘bump-tested”) immediately
prior to any testing. Consequently, the absence of sensor
failure during their laboratory testing is consistent with
the results observed during the March 2014 field tests,
where calibrating the instrument eliminated the sensor
failure.

Allen et al. [3] have suggested that the protocol during
their field campaign was to check the calibration of the
UT BHFS anytime it wes turned on and that not fol-
lowing this protocol led to the sensor transition failure
observed during this testing. However, in this instance,
the sensor failure occurred both prior to and after the
instrument was restarted. Additionally, the UT team ob-
serving the testing process did not suggest a calibration
check when the instrument was turned back on for further
testing. It was only after the sensor failure was observed
that they checked and calibrated the instrument, so it

6 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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does not appear that their protocol was to check the
instrument calibration anytime it wes turned on.

In summary, because the firmwarefor the UT sampler
was updated prior to this testing (and therefore not the
same as the version used during the UT field campaign
[11), and updated firmwaremay be a factor in reducing
sensor failure, it is not expected that these test results
are representative of how frequently sensor transition
failure might have occurred during the UT study [1].
However, these results do clearly demonstrate that sensor
transition failure could occur while using the UT BHFS.

Comparison With Other Pneumatic
Device Studies

Two other recent studies have measured emission rates
from pneumatic devices by installing meters into the sup-
ply gas lines of the devices, as opposed to measuring
emissions using the BHFS as was done by Allen et al.
[1]. Presino [22] used the meter installation technique
to study emissions from pneumatic controllers in British
Columbia, and the UT follow-up study [2] installed meters
{o meesure emission rates from pneumatics in the four
regions surveyed in the previous UT study [1].
Unfortunately, it is not possible to compare the pneu-
matic device emission factors from [1] to those from
either the Prasino study, or from [2], because even though
[1] sought to randomly sample pneumatic devices, the
result was clearly an emitter data set (measurements fo-
cused on pneumatic devices that were emitting), while
the Prasino data set was made with a random selection
of devices and [2] made comprehensive measurements of
all devices that could be measured safely at each site.
This difference can be demonstrated by comparing the
percentage of emitting intermittent pneumatic devices oc-
curring in [1] to that in [2]. In [1], 95.3% (123 out of
129 intermittent devices) were greater than zero, with the
smallest nonzero emitter equal to 012 scfh
(0.0034 m® h™"). In [2], only 575% (184 out of 320
intermittent devices) were greater than zero. This percent-
age of nonzero measurements drops further if the lowest
nonzero emitter (0.12 scth; 0.0034 m3 h™') observed by
[1] is used as a threshold, in which case only 21.3% (68
out of 320) would be considered emitters. Since this
threshold of 0.12 scfh (0.0034 m® h™") is 25 times lower
than the typical minimum range of the Fox FT2A meters
by [2], the reported emitters below this threshold are
most likely instrument noise caused by the meter’s thermal
elements inducing convection currents [7].
Consequently, although the intent of [1] wes to survey
randomly selected devices, their approach actually resulted
in a data set comprised almost exclusively of emitting
devices; this possibility is acknowledged by [2]. Therefore,

UT Study Underestimates Methane Emissions

average emissions and emission factors for pneumatic
devices calculated from [1] cannot be compared to those
calculated from data collected by random or comprehensive
sampling, such as presented in [22] or [2], because the
emitter data set removes almost all the zero emitters and
would result in much higher average emissions.

However, both [1] and [2] provide the CH, composi-
tion of the wellhead ges at the sites surveyed. This allows
a comparison of emission rate patterns as a function of
CH, concentration between devices measured by the BHFS
[1] and by installed meters [2]. If the scarcity of high
emitters measured by BHFS at sites with lower CH, con-
centrations in the initial UT study [1] was not an artifact
caused by sensor transition failure, then the same con-
centration pattern should be present whether measured
by the BHFS or by installed meters.

For this analysis, | removed the Rocky Mountain region
{o eliminate any bias from current or impending regula-
tions that might have affected emission rates. Additionally,
| focused on emissions from intermittent pneumatics
because that provides the most complete data set from
the two studies. Finally, as noted previously, the pneumatic
device measurements from [1] apparently focused on
emitting devices, whereas the devices surveyed in [2] were
sampled as comprehensively as possible so the occurrences
of high emitters in each study cannot be directly com-
pared. Consequently, it is the ratio of the occurrences of
high emitters at low CH, sites compared to high CH,
sites within each study that must be compared.

As seen in Table 1, when measured by [1] via BHFS,
the occurrence of emitters >0.4 scfm (0.7 m® h™) (on
a percentage beasis) at sites with wellhead gas compositions
<91% CH, is almost a factor of fiveless than at sites
with CH, >91%, consistent with BHFS sensor failure.
Conversely, when measured via installed meters [2], the
occurrence of emitters >04 scfm (0.7 m3 h™') at sites
with wellhead gas compasitions <91% CH, is almost a
factor of three higher than at sites with >91% CH,, in-
dicating a complete reversal in this trend. This stark dif-
ference between BHFS measurements and installed meter
measurements corroborates that the scarcity of high emit-
ters at sites with lower wellhead ges CH, content present
in [1] wes an artifact due to sensor failure in the BHFS.

Focused Analysis of the UT Study
Equipment Leaks

In order to better understand the threshold of wellhead
gas CH, concentrations at which sensor transition failure
might occur, | conducted further analysis focused only
on the equipment leak measurements in [1]. Equipment
leaks were targeted because they are expected to be short
term, steady state messurements, wheress emissions
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Table 1. Occurrence of intermittent pneumatic device high emitters as a function of wellhead gas composition, measured by Bacharach Hi- Flow

Sampler (BHFS) and installed meters (Rocky Mountain region excluded).

No. of devices

No. of devices with % of devices with

measured emissions >0.4 scfm emissions >0.4 scfm

Allen et al. [1] (Measured by BHFS sampler)

Wellhead gas composition >91% CH, 85 28 32.9

Wellhead gas composition <91% CH, 44 3 8.8
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 0.21

wellhead gas compositions >91% CH,
Allen et al. [2] (Measured by installed meters)

Wellhead gas composition >91% CH, 106 3 2.8

Wellhead gas composition <91% CH, 97 8 8.2
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 2.9

wellhead gas compositions >91% CH,

reported from pneumatic devices and chemical injection
pumps are likely to be an average of several measure-
ments, and emissions from tanks may have an NG com-
position different from the reported wellhead
composition.

Figure 6 presents the occurrence of equipment leaks
in [1] that are >04 scfm (0.7 m3 h™") as a function of
site CH, concentrations. At sites with gas compasitions
of >97% CH,, 11.7% of the leaks were >04 scfm
(0.7 m® h™"). At sites with wellhead compoasitions between
90% and 97% CHy, only 2.7% of the leaks were >0.4 scfm

14%

n=9%
1.7% > 0.4 sefm
12%

2
X

8%

6%

4% n=T4
2.7% > 0.4 scfim

Percent occurrence of leaks > 0.4 scfin

2% n=110
0.9% > 0.4 scfim

0% :
>70%-90%  >90%-97%  >97%-98.2%

Wellhead gas composition (% CH,)

Figure 6. Occurrence of equipment leaks >0.4scfm as a function of site
well head gas CH 4 content in the [1] study. Leaks >0.4  scfm would
require the transition from catalytic oxidation sensor to the thermal
conductivity sensor for an average sample flow rate of 8cfm. The large
increase in the occurrence of leaks >0.4 scfm at sites with CH,, content
>97% indicates sensor transition failure below that threshold.

(0.7 m® h™), and this occurrence dropped to less than
1% at sites with wellhead ges compositions of <90% CH,,
indicating that the sampler’s ability to measure leaks
>04 scfm (0.7 m® h™') declined dramatically with de-
creasing concentrations of CH, in the wellhead ges (Fig. 6).
This analysis indicates the BHFS may underreport emitters
>04 scfm (0.7 m3 h™") even when making messurements
of NG streams with CH, content up to 97%, and provides
a valuable refinementof the possible CH , concentration
threshold where sensor failure may occur, since the high-
est CH, wellhead content available for direct field testing
of the BHFS was only 91.8%.

Comparison of the UT Study Downwind
Tracer Ratio Measurements to On-Site
Measurements

Allen et al. [1] also made emission measurements using
a downwind tracer ratio method at 19 sites for comparison
to their on-site measurements. Their emissions from on-
site measurements were calculated by using direct meas-
urements of equipment leaks and pneumatic devices that
were made by the UT team combined with estimates of
emissions from any sources at the well pad that were
not measured. These unmeasured sources included all
tanks and compressors (compressors were a small source
in comparison to all other sources) as well as any pneu-
matics that was not directly measured during the site
survey. For CH, emissions from tanks and compressors,
the authors used “standard emissions estimation methods”
[1]. For pneumatic devices that were not surveyed, they
applied their own emission factors based on the measure-
ments of pneumatic devices collected during the UT study.

The tracer ratio measurements were made by relessing
a tracer gas at a known rate to simulate the emissions
from the site being measured. Simultaneous downwind
measurements were then made of the concentrations of
both the tracer gas and CH,, and then the emission rate

8 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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of CH, wes calculated after correcting for background
CH, and tracer concentrations. The tracer ratio method
allows for the calculation of CH, emissions from the entire
production site by accounting for the dilution of CH, es
it is transported into the atmosphere from the source to
the receptor.

In summarizing their tracer ratio measurements, [1]
state: “For the production sites, emissions estimated based
on the downwind measurements were also comparable
o total on-site measurements; however, because the total
on-site emissions were determined by using a combination
of measurements and estimation methods, it is difficult
to use downwind messurements to confirm the direct
source messurements.” However, upon further examina-
tion, | found that the downwind tracer measurements do
in fact indicate the occurrence of sensor transition failure
in their BHFS measurements.

Table 2 summarizes the characteristics of the sites sur-
veyed by [1] using both the BHFS and the tracer ratio
method. As described above, the on-site total is a com-
bination of the measurements made by BHFS and estimates
for any sources not actually measured by the UT team.
| calculated the ratio of actual BHFS measurements to

UT Study Underestimates Methane Emissions

the total reported on-site emissions (estimated and mees-
ured) using the supplemental information provided by
[1]. Actual measured emissions ranged from 1% to 79%
of the total reported on-site emissions and the on-site
total emissions range from 13% to 3500% of the down-
wind tracer ratio measurements (Table 2).

Table 3 compares the tracer ratio measurements to the
on-site emissions, categorized by CH, content in the well-
head gas and by the fraction of actual BHFS meesurements
that comprise the on-site emissions. As shown in Table 3,
when comparing all sites without separating them into
these categories, the total of the tracer ratio measurements
does agree closely to the on-site emissions, as [1] con-
cluded. However, four of the sites had wellhead gas com-
positions of >97% CH,, at which the BHFS would be
expected to make accurate measurements. The remaining
15 sites had wellhead gas compositions of <82% CH,, at
which sensor transition failure might occur and the BHFS
would underreport emissions measurements.

Once the sites are categorized by these wellhead ges
compositions, a deficitbetween the on- site emissions and
the tracer ratio measurements appears in sites with lower
CH, concentrations, and this deficit becomes more

Table 2. Sites surveyed by Allen et al. [1] using both Bacharach HiFlow Sampler (BHFS) and downwind tracer methods.

On-site total?

Wellhead (BHFS BHFS Leaks

gas CH, measurements ~ measure- measured by Tracer ratio On-site total/
Tracer site BHFS site concentration and estimates)  ments/on-site BHFS/on-site emission rate tracer ratio
name’ name’ (%) (scfm CH,) total® total® (scfm CH,) emission rate
MC-1 MC-1 70.9 1.89 0.12 0.12 2.32 0.815
MC-2 MC-14 78.1 0.99 0.34 0.01 2.00 0.495
MC-3 MC-20 77.2 1.83 045 0.18 2.95 0.552
MC-4 MC-5 74.2 2.31 0.19 0.14 3.36 0.887
MC-5 MC-16 79.3 1.85 0.56 0.18 4.18 0.445
RM-1 RM-7 81.9 0.22 0.11 0.09 0.584 0.368
RM-2 RM-8 74.5 4.43 0.02 0.02 1.70 2.80
RM-3 RM-1 76.4 0.13 0.67 0.69 0.442 0.303
RM-4 RM-3 74.9 0.11 0.21 0.00 0.839 0.137
RM-5 RM-2 74.5 0.09 0.35 0.33 0.240 0.392
RM-6 RM-5 74.5 0.74 0.41 0.42 0.421 1.75
RM-7 RM-14 74.5 0.27 0.26 0.26 0.368 0.736
RM-8 RM-19 76.2 0.29 0.82 0.79 1.08 0.266
RM-9 RM-12 74.5 0.38 0.05 0.05 0.864 0.436
RM-10 RM-4 76.2 2.86 0.01 0.00 0.080 35.7
AP-2 AP-23 97.8 1.28 0.68 0.35 0.270 4.74
AP-3 AP-43 97.0 4.75 0.62 0.59 4.12 1.15
AP-4 AP-37 97.0 1.36 0.44 0.42 0.709 1.92
AP-5 AP-18 97.0 0.39 0.74 0.69 0.288 1.37

MC, Midcontinent; RM, Rocky Mountain; AP, Appalachia. Different site numbers were used to identify the same sites in the [1] supplemental infor-
mation depending on whether BHFS or tracer ratio measurements were under discussion.

20n-site totals were calculated by [1] by combining measurements made by the BHFS with estimates of any sources not measured; these estimates
were made using mathematical models for tanks as well as emission factors for compressors and any pneumatic controllers not directly measured.

3Calculated by this author from [1] supplemental information.
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pronounced as the amount of the on-site emissions actu-
ally measured by the BHFS becomes a larger fraction of
the total on-site emissions (measured and estimated). As
seen in Table 3, for the high CH, sites where the sampler
should function properly, the on-site measurements and
estimates exceed the tracer measurements, but approach
a ratio of one (complete agreement) as the amount of
actual messurements incresses. For the two sites with
wellhead gas compositions >97% where the measured
equipment leaks (which should produce steady emissions
as compared to pneumatic devices which might be in-
termittent) averaged 64% of the total on-site measurements
and estimates, the on-site total still exceeds the tracer
measurements but are within 17% (Table 3). However,
for the sites with wellhead gas CH, concentrations <82%,
there is a clear trend of increasing deficit of the on- site
emissions compared to the tracer ratio measurements as
the actual BHFS messurements become a larger part of
the on-site total. For instance, for the nine sites with at
lesst 20% of on-site emissions from BHFS measurements
(for an average of 45% of the total on-site emissions
measured by the BHFS), the on-site emissions are only
49% of the tracer messurements (Table 3). For the two
sites that had greater than 67% of on-site emissions data
actually measured by the BHFS (for an average of 75%
of on-site emissions data meesured by the BHFS), the
on-site emissions are only 28% of the tracer measure-
ments (Teble 3).

Comparing the on-site data to the downwind tracer
measurements provides two valuable insights. First, there
were six sites in the Rocky Mountain region for which
at least 20% of the on-site emissions were measured by
the BHFS (for an average of 45% actual BHFS measure-
ments) (Table 2). For these six sites, the on-site emissions
average 48% of the tracer data. For the two sites in this

T. Howard

region with at least 67% of on-site emissions from actual
BHFS measurements (and with BHFS measurements
averaging 75% of the total on-site data), the on-site emis-
sions were only 28% of the tracer measurements (Table 2).
This provides clear evidence that the sampler actually did
fail in the Rocky Mountain region, as opposed to any
possible regional differences (discussed previously) that
might have created an emission pattern of no high emit-
ters at sites with lower CH, concentrations in the wellhead

Additionally, the tracer measurements provide a
method to estimate the magnitude of errors introduced
in the data collected by [1] due to BHFS sensor transi-
tion failure. For all of the sites with wellhead gas com-
positions 297% CH, (where the sampler should operate
correctly), the emission rates determined by on-site
measurements exceeded those determined by the down-
wind tracer ratio measurements. Assuming that the
tracer method accurately measured the total emissions
from the sites surveyed (e.g., [8, 15, 16]), | concluded
that the methods used in [1] overestimated the on-site
sources that were not directly measured. Therefore, |
calculated the error in BHFS measurements at sites
with low CH, wellhead gas composition by assuming
the tracer ratio measurements are correct. | have also
assumed for this analysis that the estimates of any on-
site sources made by [1] are also correct, even though
the tracer data indicate they may be too high, because
this is conservative in the sense that correcting for this
overestimate would increase the BHFS error calculated
below. Given these assumptions, subtracting the on-site
estimated emissions from the tracer ratio emissions
gives the expected measurement total that should have
been reported from the BHFS measurements. Comparing
this expected measurement total to the actual

Table 3. Comparison of on-site measurements to tracer ratio measurements made by Allen et al. [1] categorized by wellhead gas CH, concentration.

Average percentage

Site category (number of sites in of on-site emissions

Total on-site emissions

Ratio of on-site
emissions to emissions

Total emissions

(reported by BHFS and measured by

parentheses) reported by BHFS estimated) (scfm CH,) tracer (scfm CH,) measured by tracer
All sites (19) 37 26.0 26.8 0.97
Sites where BHFS measurements are expected to be accurate (wellhead gas composition >97% CH,)
All sites (4) 62 7.78 5.39 1.44
Sites with >50% BHFS measurements (3) 68 8.42 4.68 1.37
Sites with >50% equipment leaks (2) 64 (equipment 514 4.41 1147
leaks/on-site total)
Sites where BHFS measurements are expected to underreport high emitters (wellhead gas composition <82% CH})
All sites (15) 28 18.2 214 0.85
Sites with >5% BHFS measurements (13) 35 10.9 19.6 0.56
Sites with >20% BHFS measurements (9) 45 6.10 125 0.49
Sites with >50 % BHFS measurements (3) 69 2.27 5.68 0.40
Sites with >67 % BHFS measurements (2) 75 0.42 1.52 0.28
BHFS, Bacharach HiFlow Sampler.
10 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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measurement total reported by the BHFS provides an
estimate of the error in BHFS measurements made by
Allen et al. [1].

Table 4 presents the results of this analysis, and shows
that for the 13 sites with wellhead gas compositions <82%
CH, and with at lesst 5% actual BHFS measurements
(with an average of 35% of emission sources measured
by BHFS; bottom half of Table 3), the actual measure-
ment total of the BHFS is less than one-third of the
expected total, and this appears consistent as sites with
greater fractions of actual BHFS measurements are ex-
amined. For these sites, the emission rates for equipment
leaks and pneumatics devices presented by [1] are ap-
proximately equal, so it is not possible to assign a larger
error to one category or another. Additionally, the errors
introduced by the sensor failure would be expected to
vary from site to site depending on how many emitters
were present with emission rates exceeding the sensor
transition threshold ceiling. Nevertheless, for these 13 sites,
the BHFS underreported emissions for equipment leaks
and pneumatic devices on average by more than a factor
of 3 (Teble 4).

Although the magnitude of error due to BHFS sensor
failure is not known for all the sites in [1], the tracer
ratio measurements make clear that the BHFS messure-
ments for sites with lower CH, content in the wellhead
ges could be at lesst a factor of three too low. More
precise estimates of errors in [1] are not possible because
of the nature of the sensor failure. Unlike a simple cali-
bration error, for which it might be possible to correct,
when sensor transition failure occurs, it is not possible
to know for any particular measurement if the failure
hes occurred, and if it has, what the resulting error was,
since the reported emission rates could range from 20%
to two orders of magnitude too low.

UT Study Underestimates Methane Emissions

Implications

Sensor transition failure is clearly apparent in the BHFS
measurements made in the UT study by Allen et al. [1],
as evidenced by the rare occurrence of high emitters at
sites with lower CH, (<91%) content in the wellhead
ges. The occurrence of this sensor transition failure wes
corroborated by fieldtests of the UT BHFS during which
it exhibited this sensor failure, as well as by tracer ratio
measurements made by [1] at a subset of sites with lower
wellhead ges CH, concentrations. At this subset of sites,
the tracer ratio measurements indicate that the BHFS
measurements were too low by at least a factor of three.
Because BHFS measurements were the basis of 98% of
the inventory developed by [1] using their own messure-
ments (and 41% of their total compiled inventory), the
inventory clearly underestimates CH, emissions from
production sites. However, the extent of this error is dif-
ficultto estimate because the underreporting of emission
rates due to BHFS sensor transition failure at any given
site would vary depending on sampler performance and
on how many high emitters were present at that site.
Estimating this error is further complicated by the fact
that the data set collected for pneumatic devices by [1]
was an emitter data set; this might offset the effect of
underreported high emitters in their pneumatic device
emission factors. Finally, although real differences may
exist in regional emission rates, the UT data set [1] should
not be used to characterize them because the occurrence
of sensor failure clearly varied between regions due to
variations in wellhead CH, compositions, which may mask
any actual regional differences that existed.

Although the performance of the BHFS may vary be-
fween instruments or with sensor age or calibration vintage,
this analysis of the [1] data set shows that measurements
made using a BHFS for NG streams with CH, content

Table 4. Estimation of underreporting in Allen et al. [1] BHFS measurements of CH, emission rates at sites with low CH, well head gas composition

(<82%), using downwind tracer measurements (from Table 3).

On-site
emissions
Minimum Average estimated by Expected BHFS
percentage of percentage of Total UT (excludes measurement
on-site on-site emissions BHFS total (tracer Emissions Ratio of
emissions emissions measured by measure- —on-site reported by reported BHFS
reported by reported by tracer (scfm ments) (scfm estimates) BHFS (scfm to expected
BHFS BHFS No. of sites CH,) CH,) (scfm CH,) CH,) BHFS
>5 35 13 19.63 7.09 12.54 3.81 0.30
>20 45 9 12.50 3.34 9.16 2.76 0.30
>50 69 3 5.68 0.71 4.97 1.56 0.31
>67 75 2 1.52 0.11 1.42 0.31 0.22
BHFS, Bacharach HiFlow Sampler; UT, University of Texas.
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up to 97% could lead to severe underreporting of NG
leaks. That this failure can occur at such high CH, con-
centrations, which are close to the higher end of those
found in transmission and distribution systems, indicates
that past measurements in all ssgments of the NG supply
chain could have been affected by this problem. Because
the BHFS sensor transition failure phenomenon is not
fully understood, it is not known how much this error
may have affected pest measurements of CH, emission
rates. Two factors preclude this: first,the performance of
any individual BHFS may vary, and second, once sensor
transition failure occurs, there is no way to determine
the magnitude of the measurement error in the absence
of an independent fluxor concentration measurement.

If BHFS sensor transition failure has occurred during
industry monitoring at transmission, storage, and pro-
cessing compressor stations where the BHFS is approved
for leak measurements mandated by the USEPA Subpart
W Greenhouse Gas Reporting Program (GHGRP) [23],
then these errors could be larger than those observed at
production sites. Leaks at transmission, storage, and pro-
cessing compressor stations commonly exceed 0.4 scfm
(0.7 m3 h™") (the approximate threshold for BHFS sensor
transition failure) and in some cases may range from
10 to over 100 scfm. Because the largest 10% of leaks
typically account for 60-85% of the total leak rate at a
given facility [9, 25], sensor transition failure in the BHFS
could bies CH, emission inventories compiled by the
USEPA GHGRRP substantially low since the most signifi-
cant leaks could be underreported. Additionally, leak
measurements using the BHFS may be used to guide
repair decisions at NG facilities, and underreporting of
leaks could compromise safety if large leaks remain un-
repaired as a result.

Finally, it is important to note that the BHFS sensor
failure in the UT study [1] went undetected in spite of
the clear artifact that it created in the emission rate trend
as a function of wellhead gas CH, content and even
though the authors’ own secondary messurements made
by the downwind tracer ratio technique confirmed the
BHFS sensor failure. That such an obvious problem could
escape notice in this high profile, landmark study high-
lights the need for increased vigilance in all aspects of
quality assurance for all CH, emission rate measurement
programs.
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To: McKittrick, Alexis[McKittrick.Alexis@epa.gov]; DeFigueiredo,
Mark[DeFigueiredo.Mark@epa.gov]

Cc: Friedman, Kristina[Friedman.Kristina@epa.gov]; Kocchi, Suzanne[Kocchi.Suzanne@epa.gov]
From: Weitz, Melissa

Sent: Mon 12/14/2015 9:47:29 PM
Subject: FW. Meeting with EPA re: Hi-Flow Sampler Issues

it's here....

He also just sent a new group email that I'll forward to this group.

Ex. 5 - Deliberative Process
Ex. 5 - Deliberative Process i | can set up a time for our group to
speak with him for early-mid January.

Melissa

From: Touche Howard [mailto:touche.howard@indacoaqgs.com]
Sent: Monday, December 14, 2015 3:35 PM

To: Weitz, Melissa <Weitz.Melissa@epa.gov>

Subject: Meeting with EPA re: Hi-Flow Sampler Issues

Dear Ms. Weitz:

I just received Dr. Dunham's letter regarding meeting about the sensor failure in the Bacharach
Hi-Flow Sampler. I appreciate the thought that she put into the letter, and I'll be happy to work
around your schedule. I recognize that given the holiday season and other pressing issues that
it's unlikely that you'll be available before January. However, I hope it will be as soon as
possible because this is a pressing issue for lots of reasons, including the fact that companies can
start making their 2016 Subpart W measurements as of January 1, and it would be better not to
let another year of measurements be potentially affected by this problem.

Just FYI, I didn't receive Dr. Dunham's letter until after I had sent the email to Dave Allen asking
him to participate in meeting with you. If I had, I would have held off and let you invite him. I
need to respond to Matt Harrison's statement that there is no safety issue, but after that I'll wait to
hear from you. I do think, however, that the best approach to understanding these issues is to
involve Dave, his EDF science advisory panel, EDF scientists, and any interested members of
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the EDF technical and steering committees. I believe that will allow all of the questions to be
asked (and hopefully answered) immediately, and that gives you the best information as quickly
as possible.

Please call me at 919 943 9406 if you have any questions.

Thanks,

Touche'
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To: allen@che.utexas.edu[allen@che.utexas.edu]

Cc: McKittrick, Alexis[McKittrick.Alexis@epa.govj;
terri_shires@aecom.comfterri_shires@aecom.com]; Weitz, Melissa[Weitz.Melissa@epa.govl]; Gunning,
Paul[Gunning.Paul@epa.govl; McCabe, Janet{McCabe.Janet@epa.govi;
RAlvarez@edf.org[RAlvarez@edf.org], shamburg@edf.org[shamburg@edf.org]; Fernandez,
Roger[Fernandez.Roger@epa.govl; rharriss@edf.org[rharriss@edf.org]; ritterk@api.org[ritterk@api.org};
dnelson@edf.org[dnelson@edf.org]; sedlak-office@est.acs.org[sedlak-office@est.acs.org];
dmccabe@catf.us[dmccabe@catf.us]; dlyon@edf.org[dlyon@edf.org}; Maxwell, Dave
(Austin){dave.maxwell@aecom.comj; dschroeder@catf.us[dschroeder@catf.us};
dzavala@edf.org[dzavala@edf.org]; Chuck Kolb[kolb@aerodyne.com]; Gamas,
Julia[Gamas.Julia@epa.gov]; linda.lee@arb.ca.gov]linda.lee@arb.ca.govj;
bmordick@nrdc.org[bmordick@nrdc.org}; amrowka@arb.ca.goviamrowka@arb.ca.gov};
casey.pickering@erg.comcasey.pickering@erg.com}; Wisetiawa@arb.ca.gov[Wisetiawa@arb.ca.govj;
Smith, James-D[Smith.James-D@epa.gov]; Snyder, Jennifer[Snyder.Jennifer@epa.govi;
michael.ege@tceq.texas.gov[michael.ege@tceq.texas.gov];
paige.sprague@tceq.texas.govipaige.sprague@tceq.texas.govj;
adam.pacsi@chevron.com[adam.pacsi@chevron.com}]; Jeff. Rees@pxd.com[Jeff. Rees@pxd.com];
matt.harrison@aecom.com{matt.harrison@aecom.com}; alr@andrew.cmu.edu[alr@andrew.cmu.edu];
awilcox@harcresearch.org[awilcox@harcresearch.org];
andres.restrepo@sierraclub.org[andres.restrepo@sierraclub.org];
gabrielle.petron@noaa.gov{gabrielle.petron@noaa.govj;
natalie.spiegel@sierraclub.org[natalie.spiegel@sierraclub.org];
nathan.matthews@sierraclub.org[nathan.matthews@sierraclub.org};
rsawyer@me.berkeley.edu[rsawyer@me.berkeley.edu]; Ganapathy, Roopa
(EC/EC)[Roopa.Ganapathy@canada.cal; vgowrishankar@nrdc.org[vgowrishankar@nrdc.org];
dan.hill@pe.tamu.edu[dan.hill@pe.tamu.edu]; Matthew.Fraser@asu.edu[Matthew.Fraser@asu.edul;
seinfeld@caltech.edu[seinfeld@caltech.edu]

From: Touche Howard

Sent: Mon 12/14/2015 9:42:18 PM

Subject: Safety Issues Regarding Hi-Flow Sampler Sensor Failure

Dave --

I think that Matt's statement of "I see no safety issue" (regarding the Bacharach Hi-Flow
sampler's problem of reporting leaks as far smaler than they actually are) might have resulted
from your team either not being aware of all the potential uses of the Hi-Flow sampler or from
having a somewhat narrow view of what problems can compromise safety.

Probably half of the leak measurement programs I've conducted were for private companies
whose primary goals were to reduce gas loss and to improve safety, as opposed to cataloging
greenhouse gas emissions. At 1 to 2% of all the facilities I've been to, we found leaks that
caused the operators to immediately shut down equipment. Examples include leakage into
compressor distance pieces that was large enough to cause back pressure into the engine
crankcase, flanges that had a leak rate large enough that it might cause further gasket erosion and
failure, and large leaks at welds on compressor fuel gas systems that might catastrophically fail
or be large enough to reach an ignition source due to induced sparking at vibrating components
in the ignition coil area.

Did we prevent explosions in those cases? We'll never know, but we did provide one layer of
defense by eliminating imminently dangerous conditions. So if only 1% of facilities have a

dangerous underlying condition that might go undiscovered if a Hi-Flow sampler fails, is it really
worth an hour of your time to address this issue? I think most people would say yes.
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Even high flow surveys that focus on research or greenhouse gas reporting have the opportunity
to reduce dangerous conditions if done properly. I think the protocol in most (hopefully all) leak
measurement programs, whatever their focus, is to immediately alert facility operators of any
hazardous conditions found. So it's certainly not acceptable to leave hazards unidentified due to
sampler failure just because many surveys are focused on greenhouse gas emissions instead of
facility integrity.

Other instances where sampler failure might affect safety are when it is used to make an on the
spot repair decision when a leak is discovered by an operator and when it is used to survey
facilities being put into initial service. And as I pointed out previously, we don't know all the
ways a sampler might be used now or in the future. If, for instance, it were used to rank
distribution leaks for repair, under reporting large leaks could have tragic consequences.

Now you might think that other indications, such as an IR camera, or auditory, visual, and
olfactory (AVO) detection would provide clues that a leak was much larger than the sampler
indicated, but most people just don't have that level of experience, and a noisy and/or hot
environment can make it even more difficult. There's an excellent example of this in your Phase
II pneumatic work, where Device No. XQ01-PC04 was measured both by Hi-Flow (0.13 scth)
and meter (37.37 scth), and you assume the Hi-Flow measurement is too low due to the device
not being adequately enclosed. However, this device was a continuous bleed controller with a
high emission rate (in the top 20% of the continuous controllers you measured). Consequently,
even though the Hi-Flow was making an easy to read steady state measurement for most of that
interval, your technicians did not recognize that the Hi-Flow reading was almost 300 times too
low (if they had, they would have certainly attempted to correct the problem while the
measurement was being made). This highlights that even people who had been making these
type of measurements day after day during an extensive field program could not accurately judge
emission rates without reliable instrumentation.

And although safety systems like gas detectors or hot work permits provide one line of defense,
they can't always protect the facility from a leak that could have been fixed but wasn't, and then
either failed catastrophically or found an ignition source before automatic detection shut down
equipment. Having been to so many facilities, I've heard lots of stories of past explosions. My
favorite was was told to me by an operator who was the son of a compressor station manager.
When he was growing up, they lived near the station, and one night after dinner he wanted to go
to the mechanic's shop at the site to work on his car. Oh, no, his mother says, it's your turn to do
the dishes. So there he is, sulking at the sink, when the station blows up, basically right in front
of him as he's watching out the kitchen window, and destroying with it the mechanic's shop
where he would have been if his mother hadn't made him wash dishes.

Unfortunately, not all the stories had a happy ending like that.

I hope this provides a better perspective on the safety issues involved.

Thanks,
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Touche'

On Wed, Dec 9, 2015 at 8:56 PM, Harrison, Matt <matt. harrison@accom.com™> wrote:

I see no safety issue. HiFlows are never used as safety devices to my knowledge
Matt Harrison

Sent from my iPhone

On Dec 9, 2015, at 2:25 PM, "Touche Howard" <touche howard@indacoags.com™> wrote:

Dave --

Now that the EPA is considering using your initial EDF study at production sites
(published in PNAS 1n 2013) and your follow-up study on pneumatic controllers
(published in ES&T in 2014), it's critical that we resolve the Hi-Flow sensor failure
and other quality assurance issues surrounding those studies as soon as possible. The
quickest way to do that is for us to directly discuss these issues with EPA, and I think
once you understand the evidence, you'll be able to see the problems immediately. To
that end, let's try to get together tomorrow or Friday. (Melissa and Alexis - I can come
up and meet with you either day, and if Dave can't make it, he can call in.)

My biggest concern is safety -- having an instrument that reports natural gas leaks far
lower than they actually are is clearly a huge safety issue, and as long as you tell
people that this problem didn't occur in your work, it will be very hard for anyone to
take it seriously. Meanwhile, for you and EPA, this also represents important health
and environmental concerns. And of course since you were chair of the EPA Science
Advisory Board while you were conducting this research, and the Hi-Flow sampler is
one of the methods approved by EPA to make measurements for their greenhouse gas
reporting program under Subpart W, I'm sure you feel a special responsibility to
address these issues as soon as possible.

I've attached my ESE paper outlining the problems in your initial 2013 production
study as well as my letter and your response about the 2014 study. I've also attached a
reply that I wrote in response to your commentary on my paper in ESE, because even
though you withdrew that commentary after seeing my response, I think my response
did clarify some of the issues.

Since we unfortunately haven't had an opportunity to discuss these issues directly, I'll
summarize the evidence here and what I believe are your counterpoints, based on your
reviews of my paper and the commentary you submitted. I also want to allay your
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concerns, which you've stated to others, that I'm raising these issues because I want to
sell my own samplers or services. I'm only wrapping up loose ends now, and after this
I won't be working in this area any more.

The first issue is sensor transition failure in the Bacharach Hi-Flow Sampler (BHFS),
where it can fail to transition from the low range (0 to 5% gas) catalytic oxidation
sensor to the high range (5 to 100% gas) thermal conductivity detector, which can
cause the sampler to report large leaks as being much smaller that they are. We don't
know why this happens, but there's no question that it can, because we demonstrated it
in three different instruments, including yours. It doesn't seem to occur for pure
methane streams, but we've seen it in the field for gas streams with methane content as
high as 91% (J. Air Waste Manag. Assoc. 65:856-862. doi:
10.1080/10962247.2015.1025925).

The effect of this problem is clear in your Phase I data, which I've plotted below
showing emission rate as a function of site methane composition. As you can see,
most of the high emitters only show up at sites with high methane compositions, and
there's no reason that should happen in the real world, especially when you consider
that it occurs for several different types of sources.

<image.png>G

Now I believe your counter argument is that this phenomenon is due to air pollution
control regulations reducing emissions in the Rocky Mountain region, where the
methane content of the gas is lower as well. However, several things tell us that's not
the cause of the trend in the figure above. First, even when you take the Rocky
Mountain region out of the analysis, there's still far more high emitters at sites with
higher methane content. Second, even within just the Appalachia region, the
occurrence of high emitters increases dramatically over a very narrow range of site
methane compositions, from 95% to 98% methane (shown below). What that tells us
is that sampler can start seeing some of the high emitters once methane composition is
in the range of 95%, but is still missing a lot of them until methane composition gets
up to the 97 to 98% range. This is also an extremely important indicator that this
problem could be occurring even for gas streams with methane content above 95%,
meaning the problem could occur in all segments of the natural gas industry.

<image.png>

Finally, your emissions measurements made by tracer technique confirm that sensor
failure occurred and that the trend of emission rate vs concentration is not caused by
regional differences. Now, in your comment you said you found my analysis of your

tracer data complex, probably because I showed how Hi-Flow measurements got lower
and lower than the tracer measurements for sites with fewer estimated emissions from
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sources like tanks. So I've simplified that analysis, and just removed the two sites that
had 98% or more of the emissions estimated as opposed to measured. This comparison
of the tracer versus on site Hi-Flow measurements is shown below.

<image.png>

So clearly, as you've suggested, there are regional differences, assuming these sites are
representative. The tracer data shows that the emissions from sites in the Rocky
Mountain (RM) region are lower than the sites in the Mid-continent (MC) region,
although in the same range as 75% of the Appalachia (AP) sites. But just as clearly,
the sites with lower methane content (Rocky Mountain and Mid-continent, where
sensor failure might occur consistently) have far lower (about a factor of two) Hi-Flow
measurements than the tracer technique. Meanwhile, the sites with high methane
content (Appalachia, where the problem isn't expected to occur) have Hi-Flow
measurements close to or exceeding the tracer measurements. Keep in mind that
because some of the on-site data comes from estimates, this masks the magnitude of
the error, but at least this is a simple comparison.

Now if the variations between the tracer and the Hi-Flow were due to random
experimental errors, then we'd expect roughly 50% of the sites to have tracer greater
than Hi-Flow, and 50% lower. It's actually a 70/30 split, but the remarkable thing is
that we can predict which region will have tracer greater than Hi-Flow and which
won't. This is pretty much the same thing as me being able to walk into a bar and
betting the barmaid that if I stand on her side of the bar and flip a coin it will always
come up heads, but if I stand on my side of the bar and flip a coin, it will always come
up tails. And in between drinks, we run that experiment, and it turns out that I'm right
16 out of 17 times.

Now that's a bar bet I'd like to be able to make routinely.

You also said in your unpublished comment to ESE that the testing I conducted on
your instrument and others in March of 2013 showed a low occurrence of this
problem. That's true of course, but I was surprised you said that, since you know that
immediately after we did that testing that I met with some very experienced Hi-Flow
technicians who specifically told me that they had fixed some of their samplers that
had been reporting leaks too low by upgrading the sampler's software. Since all of the
samplers we tested when we tested yours had new generation software, the only real
surprise is that we saw any failure at all, and that failure was in your sampler. So even
though new software improves the problem, it doesn't fix it completely. Additionally,
there are lots of these samplers around the US and the world using older software, and
lots of data that has been collected using samplers prior to software upgrades.

One other argument you made was that your Phase I pneumatic data, made by Hi-
Flow, was higher than your Phase Il pneumatic data, collected by meter, and if your Hi-

Flow had been reporting too low, this should have been the other way around. The
reason this isn't true is that your Phase I pneumatic data is clearly an emitter data set
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(95% of them are emitting) while your Phase II data set is a comprehensive data set
(about 21% are actual emitters). So you accidentally excluded sampling zero emitters
in Phase I, which biases that data high by a factor of four to five, and offsets any Hi-
Flow sensor failure. Additionally, the Phase II data actually shows exactly what I
predicted to you it would show -- that the high emitters are more predominant at sites
with lower methane compositions when measured by the inline meter as opposed to
your Phase I measurements, where the sensor failure caused the high emitters at those
sites to be under reported.

In any case, I think this shows that it probably would have been better to involve me
directly in discussions you had with the EDF committees and others about this problem
after I brought it to you in October of 2013, because I could have explained
immediately why the reasons you thought this problem didn't affect your Phase I data
were incorrect. It has been puzzling to me that given the overwhelming evidence, that
this problem wasn't obvious to you, but I'm wondering if that might be due to
inexperience with field measurements. As an example, in both your Phase I and Phase
I papers, you incorrectly describe the operation of the Hi-Flow sensors, and without
understanding that the Hi-Flow has to to switch back and forth between sensors to
make accurate measurements, it's probably impossible for you to understand the sensor
transition problem.

I'm wondering if inexperience might have also led to the problems in your Phase 11
work as well. It's a harsh environment for meters to be transported between field sites
on rough roads and have raw natural gas run through them, and I think most people
with experience in field measurements would have built in a routine testing of those
meters during the project, rather than just check them before and after the project as
you did. When you're out in the field looking at pneumatics, you see lots of them with
oil or other hydrocarbon accumulations, so it's easy to picture how the meter sensor
could get fouled, as yours did. T would think at least a weekly multi-point meter
calibration and a daily single point flow check would be required to ensure accurate
measurements. which is what was done during the EDF WSU distribution work. The
Indaco Hi-Flows that were used in that project have a very similar flow measurement
system to your Fox meter, which is a thermal element in a tube, and even though the
distribution study was a much less harsh environment, where leaks of relatively clean
distribution gas were measured and the flow system dilutes those leaks with air before
the gas hits the sensors, full scale weekly calibrations and single point daily flow
checks were conducted.

Now, as you remember, while that project was ongoing, I found that one of your two
primary meters was measuring too low by a factor of three. Well, that's not a surprise,
given the harsh environment. I haven't used the particular meter that you were using
before, but I did look at the manual for it, and it clearly states that a dirty sensor will
cause measurements to be too low.

But I think how you addressed that issue indicates further inexperience. Since you
don't mention the meter test I made showing it was a factor of three too low in your
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paper, but only indicate that you found the problem post project, it appears that you
just kept using the meter, without trying to figure out what was wrong with it, and
without instituting any additional meter checks.

Instead, it wasn't until the end of the project that you did any further checks, and at that
point the response of the meter had changed again, to being low by about 34%. In
order to understand more about the problem, you tried to use your Hi-Flow data to
validate the meter results. Now your laboratory comparisons of the two for the most
part are excellent and agree within 10%. But surprisingly, your field comparisons of
the Hi-Flow to the meters are far worse. For measurements where either one or the
other was >0.5 scth, only 4 out of 19 (21%) are within 25%, and even for
measurements >6 scth, only 3 out of 10 (30%) are within 25% of each other. You do
allude to the possibility of leaks affecting the measurements but don't give any
indication that you tried to quantify the leaks that you think affected the
measurements.

For comparison, in the WSU distribution work, where direct and tracer measurements
were compared, 10 out of 14 (71%) were within 50% of each other, over a range of
about 0.6 to 56 scth. Now I would have liked that to be better, but I think I understand
some of the challenges, one being that some of those that are far off are at really low
emission rates, so missing just one source could throw you off a lot. But keep in mind,
that's measuring the whole M&R facility or an underground leak, and comparing it to a
downwind tracer flux measurement, so you have lots of challenges including multiple
measurements at the facility and tracer source configurations.

But for your pneumatic work, while doing a direct comparison of Hi-Flow to meters,
for just single sources, only 7 of 19 (37%) were within 50% of each other over a
similar emission range of 0.5 to 60 scfh.

So unfortunately your comparison of High Flow to meters should not have been used
to justify correcting your meter, especially when my direct test of that meter's
performance mid-project showed it was much worse than the post project check
indicated.

Another indication of the meter uncertainty came from Matt Harrison, who was present
when I found that your meter was reading a factor of three too low, and said at the
time, "Yeah, everyone knows that meter is flaky. You can hook it up to an pneumatic
and hear the pneumatic fire but not see anything on the meter."

Now, along with the sensor getting dirty, your meter measurements might have been
affected by two other factors mentioned in the meter manual. These meters are
supposed to be oriented upright, and you need a certain length of straight run (I think
for the meter you were using, six inches) before the meter. However, it appears,
looking at a slide from the presentation about the project on your website shown
below, that those conditions weren't met either. Although you can see in the close up
that the meter is marked with a label that says "Keep Upright and Level", that
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condition hasn't been met in either configuration pictured. Additionally, the entrance
length doesn't appear to meet the required distance cither.

<Upside Down Meter 1 jpg>

<Upside Down Meter Close-up.jpg>

I think these 1ssues were all compounded by perhaps your lack of experience with what
information editors and reviewers need to evaluate field measurement papers. Your
meter problem is only mentioned in a footnote on page 59 of your Supplementary
Information, and was likely missed by the editor and reviewers. But if reviewers with
substantial field experience understood the entire picture -- that you only checked your
calibration before and after the project, that there was an undisclosed mid project test
showing meter performance was much worse than the correction you applied, that after
you were shown one meter was faulty in the middle of the project that you simply
continued to use it without finding out what was wrong or instituting improved
calibration checks, "that everyone knew that meter was flaky," and that your Hi-Flow
and meter field measurements don't compare very well -- I believe they would
conclude that you didn't meet the fundamentals of quality assurance and that the paper
would have been rejected.

So unfortunately neither the Phase I or Phase II data should be used by EPA. Although
there may be large uncertainties in inventories, we shouldn't include numbers that have
such large question marks. Think about cancer treatments. Those have very uncertain
outcomes, but that doesn't mean that we don't want good quality assurance in cancer
rescarch or in the dosages of drugs or radiation therapy that are used. And when you
consider the broad environmental impact of air toxics to the communities surrounding
oil and gas facilities as well as the consequences of climate change, it's critical that we
use the best data possible.

And as I said at the start, safety is my biggest concern regarding the HiFlow sensor
failure, and I think perhaps again inexperience has caused you not to fully appreciate
what a critical safety issue this is. I've spent a lot of time measuring leak rates at
natural gas facilities, and I've seen facility personnel shut down units in order to
address large leaks that we found due to safety concerns -- I've done lots of leak
measurement programs that were focused more on the integrity of the facility rather
than the issue of greenhouse gases. Additionally, we don't know how the sampler
might be used in the future -- for instance, given GTI's and WSU's work in distribution,
it might be used to rank leaks for repair in that segment (even though the WSU study
used a different version of the sampler not affected by this problem).

James Reason wrote a really great book about the Swiss cheese theory of disasters
(Reason, James (1997). Managing the risks of organizational accidents. Aldershot:
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Ashgate. ISBN 1840141042.) which is widely studied in aviation, engineering, and
the fire service. In it he describes how the really terrible things that happen usually
occur because there have been failures on several levels, and those failures line up to
let something really bad happen.

We had a terrible example of that happen here in North Carolina a couple of years
ago. A couple checked into a hotel, and the next morning they were dead. Seven
weeks later, an 11 year old boy died in the same room, and although his mother
survived, she had permanent brain damage.

All of that could have been avoided, because they were killed by carbon monoxide.
You might have seen this on 20/20:

http://abenews.go.com/US/morth-carolina-best-western-room-225-open-
deaths/story?1d=21564280

Here's how it all lined up:
1) The hotel pulled an old pool heater out of another property and installed it at that
hotel, even though it was at the end of its life, meaning it was inefficient and was at

risk for producing more carbon monoxide, and they didn't get a city inspection permit;

2) The vent pipe was corroded, and let the CO escape under the room where everyone
was killed;

3) There were holes in the fire place in the room that let more CO in that would have
come in otherwise;

4) The CO detectors that were supposed to have been installed in the rooms were
actually natural gas detectors, installed by mistake.

So that's what killed the first couple.
But here's why the little boy died:

1) Three days after the couple was killed, a family in the room above got really sick,
and complained, but the hotel didn't pay attention;

2) The family of the first couple raised warnings with the hotel and police that it might
be CO and again no one paid attention;

3) The medical examiner didn't visit the scene of the first couple and see that the wife
had thrown up (an important clue in CO poisoning)
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4) He also didn't put an expedite order on their blood work, so it sat for 40 days (two
people simultaneously dead in an enclosed space -- a huge alarm bell for some toxic
substance, especially CO);

5) He finally got the results four days before the child died in the room, but;

6) He sat on them for a week and by the time he finally sent them out to the local
police; the child was had been killed and his mother permanently injured.

That's a tragic story, all right. And as you can imagine, the two families are suing
everyone in sight that had anything to do with any of that, and I would too if I had lost
a family member. Mecanwhile, the DA also charged the head of the hotel management
group with three counts of manslaughter, and all of those cases are still on going.
That's just one example of how tragic things can happen when we don't do everything
possible to ensure people's safety. Butif you do just a little bit of research, you'll see
how frighteningly common that is.

So I know you'll want to address the Hi-Flow sensor failure issue immediately.

As I suggested at the start, let's do it this week. I can go up and meet with EPA
tomorrow or Friday, and if you can't be there in person, you can call in, and you can
have any interested parties from EDF or your production committees call in as well. i
know everyone's busy, but this won't take more than an hour, and I think we should all
be willing to make that much time for such a critical issue.

Just let me know when the best time for all of you is.

Thanks,

Touche'

<Howard Energy Science and Engineering Analysis of UT Data Set 2015 .pdf>
<ES&T Comment on Allen et al. Methane Emissions from Process Equipment.pdf>
<Dave Allen Response to ES&T Letter pdf>

<Touche Response to Dave Allen Comment in ESE Submitted 09 10 2015.pdf>
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To: McKittrick, Alexis[McKittrick.Alexis@epa.gov]; Weitz, Melissa[Weitz.Melissa@epa.gov]
From: Deluca, Isabel

Sent: Tue 2/9/2016 3:15:23 PM

Subject: RE: meeting on Hi-Flo Sampler with Touché Howard

That's right. InsideClimate already asked the press office and they referred her to Touche.

From: McKittrick, Alexis

Sent: Tuesday, February 09, 2016 10:09 AM

To: Weitz, Melissa <Weitz.Melissa@epa.gov>; DelLuca, Isabel <Deluca.lsabel@epa.gov>
Subject: FW: meeting on Hi-Flo Sampler with Touché Howard

We decided to ask non-EPA folks to contact Touche for the slides, correct? (see below)

Thanks,

Alexis

From: Shires, Terri [mailto:terri.shires@aecom.com]

Sent: Tuesday, February 09, 2016 9:26 AM

To: McKittrick, Alexis <McKittrick.Alexis@epa.gov>

Cc: Harrison, Matt <matt.harrison@aecom.com>

Subject: RE: meeting on Hi-Flo Sampler with Touché Howard

Alexis,

Could you please distribute the slides that Touché’ presented last week?

Thank you,

Terri Shires

Senior Engineer and Project Manager, Design and Construction Services, Guif Coast Region
D +1-512-419-5466

M +1-512-497-6482

Terri. Shires@aecom.com
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AECOM

9400 Amberglen Bivd.
Austin, Texas 78729, USA
T +1-512-454-4797
agcom.com

Built to deliver a better world

=

Linkedin Twitter Facebook Instagram

From: McKittrick, Alexis [mailto:McKittrick. Alexis@epa.gov]

Sent: Friday, February 05, 2016 12:56 PM

To: ralvarez@edf.org; lisa.song@insideclimatenews.org; nancy@ncwarn.org; Shires, Terri
Subject: Fwd: meeting on Hi-Flo Sampler with Touche Howard

Sent from my iPhone

https://epawebconferencing. Ex. 6 - Personal Privacy

From: Weitz, Melissa

Sent: Wednesday, December 23, 2015 4:35 PM

To: Weitz, Melissa; DeFigueiredo, Mark; Waltzer, Suzanne; McKittrick, Alexis;
Macpherson, Alex; Moore, Bruce; Thoma, Eben; Thompson, Lisa; Hambrick, Amy; Banks,
Julius; Irving, Bill

Cc: Howard, Jodi

Subject: meeting on Hi-Flo Sampler with Touche Howard

When: Friday, February 5, 2016 1:30 PM-2:30 PM.

Where: DCRoomWJCS4228A0AP/DC-OAR-OAP

Callin €Ex.6-PersonaI privacy i COCE 1 Ex. 6 - Personal Privacy

PPV |

A hold for now. We probably don’t need everyone to attend/call in. We'll sort it out as we
get closer to the date.
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pubs.acs.org/est

Comment on “Methane Emissions from Process Equipment at
Natural Gas Production Sites in the United States: Pneumatic

Controllers”

llen et al. (2014) recently published measurements of
inatural ges (NG) emissions from pneurmatic controllers
(PCS) at NG production sites in the United States in ES&T."
Limitations to this work include (1) faulty flow meters; (2)
sensor failure in their Hi-Flow instrument; and (3) potential
reset of malfunctioning PCs when installing flow meters. These
problems could cause the authors’ emission estimates to be
underestimated by a factor of 3.

Most measurements were made by installing flow meters in
the supply ges lines of the devices, which required temporarily
turning off the supply gas. On March 18, 2014, in collaboration
with the authors, | tested these meters (designated Fox A and
Fox C) while the project wes underway. The Fox A meter read
an average of 65% lower than the Fox C meter (which agreed
with a rotameter to within 10%). The University of Texas (UT)
team replaced the meter cable, but problems persisted and the
Fox A meter was not tested further that day. The authors
continued using the Fox A meter during their program but
without incorporating the March 18 fest results; the authors
only noted that Fox A read 37% lower than Fox C during post
project calibration due to “condensation of an oily substance on
the sensor”. However, even with this correction, messurements
mede with Fox A were a factor of 2 lower than Fox C on March
18. Volatiles likely accumulated and dissipated on both meters
throughout the project; with calibrations only before and after
the project, and the large difference in Fox A’'s messurements
on March 18 compared to these corrections, the accuracy of
these meters is highly questionable.

Although the authors cite the agreement of five Hi-Flow
sampler and meter measurements for emission rates >6 scfh, at
lesst four of those comparisons were for Fox A. Additionally,
four of these comparisons were made at either the same or
nearby sites. Consequently, these comparisons primarily show
meter performance for ashort time frame and for one meter. In
contrast, all available comparisons of Hi-Flow and meter
messurements show on average the meters read only 71% of
the Hi-Flow measurements; removing one Hi-Flow messure-
ment that the authors thought low due to incomplete cepture
indicates on average the meters read only 58% of the Hi-Flow
messurements.

Also during the March 18 tests, the UT Bacharach Hi-Flow
sampler failed to transition between low and high range
sensors, underestimating emission rates by up to 2 orders of
magnitude? The instrument was recalibrated after this
occurred, eliminating this failure for the rest of that day, but
the performance of the instrument before and after our testing
is unknown. This could cause underestimates in the Hi-Flow
measurements made during this project’ and previously.

Finally, in my experience, manual actuation of malfunction-
ing PCs with high bleed rates may reset them to lower bleed
rates; turning the supply ges off and on to install meters might
have similarly reset devices. Figure 1 compares intermittent PC

o ACS Publications

© XXXX American Chemical Society
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Figure 1. Intermittent pneumatic device emission rates measured by
meters and Hi-Flow Sampler. The lower pesk emitters observed in the
studies made by installing meters is likely due to resetting
malfunctioning controllers by turning the supply ges to devices off
and back on during meter installation.

bleed rat&s from three studies: Allen et al. (2013);® Prasino
(2013),* which also installed n‘eters and the study under
discussion; and Allen et al. (2014)." The two studies which
installed meters have significantly lower peak emitters than the
previous study done by Hi-Flow,> which did not require
stopping the supply gas. The current study’' noted that
intermittent PCs with bleed rates larger than 40.2 scth were
malfunctioning; only 1.3% of the intermittent PCs in (1) were
above this bleed rate compared to 11% in the previous study.®
Consequently, the scarcity of high emitters in the current
study’ is likely due to reset devices, because other factors, that
is, greater liquid production rates, would not be sufficient to
cause the greater occurrence of high emitters observed in (3).
The effect of these missing malfunctioning controllers can be
estimated by adding the emission rates for intermittent PCs
observed by (3) that are greater than the largest emission rate
for intermittent PCs observed in (1). This would increase the
average emission rate from intermittent PCs in the current
study by 81%. If the number of missing high emitters is
adjusted for the increased sample size of the current study
compared to (3), then the average emission rate would increase
by 208%.
Touche Howard*

Indaco Air Quality Services, Inc., Durham, North Carolina
27713, United States
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*Phone: 919-943-2406; e-mail: touche_howard@earthlink.net.
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Energy Science & Engineering ;

Response to “"Comment on “"University of Texas study
underestimates national methane emissions inventory at
natural gas production sites due to instrument sensor

failure

IVEF

;:Mka‘nUStripti‘I‘D ;

Manus‘c‘ripktftypei ﬁ Response

i

R A R

fChETEFmS;E Environment, Natural gas, Safety

The authors of the University of Texas (UT) study dispute my analysis in
- “University of Texas study underestimates national methane emissions
. linventory at natural gas production sites due to instrument sensor failure”
demonstrating that sensor transition failure affected their Bacharach Hi-
| Flow Sampler (BHFS) measurements at natural gas production
[ sites. Although I addressed most of their arguments in the original paper,
| here I summarize the relevant evidence and also provide a simplified
comparison of their downwind tracer measurements and on-site
measurements. This comparison provides clear independent verification,
1 using the authors’ own data, that their BHFS measurements were too low
| at sites with lower methane content in the wellhead gas. Because the
| BHFS sensor failure presents a critical safety issue, and their incorrect
| defense of this work distracts from this problem, I call upon the authors
- and sponsors of the UT study to retract the UT BHFS measurement data in
| order to ensure the safety of industry personnel and to protect the health
of communities near oil and natural gas facilities.

i ‘Abstract:
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Dr. Allen and colleagues from the University of Texas (UT) (1) argue that sensor transition failure in the
Bacharach Hi-Flow Sampler (BHFS) did not affect their 2013 UT study (2) as | presented in (3). Thisis a
welcome and critically important discussion because sensor failure in the BHFS may cause both
underreporting of methane (CH,;) emissions and underestimation of the health effects from air
emissions at oil and natural gas (NG) facilities. Most importantly, however, the BHFS is also used to
prioritize the repair of NG leaks, and if a large leak were not repaired because the BHFS underestimated
it, this could lead to catastrophic component failure and/or explosion.

Although the rebuttal by (1) contends that the BHFS has been used since the 1990’s, the BHFS has
actually only been commercially available since 2003. High flow sampling measurements of NG leaks
made prior to this were done with custom built instruments based on my design, which Bacharach, Inc.
then developed into the BHFS.. However, | am not affiliated with Bacharach, Inc. and | was not
associated with the develo‘pmeh‘t of the BHFS.

The primary evidence of sensor failure is not the lack of high emitters in the UT BHFS data set (2) as
stated by (1) but rather the direét experimental observance of this failure, which has been reported in
(4) and (5), and, as summarized in (3), has been observed in four out of six samplers that were tested
using NG with CH, content of < 91%. ‘HOWe\{er, because the UT BHFS data set (2) contains
measurements of several different types of sources with wide ranges of natural gas compositions, it
provides a unique opportunity to evaluate the possibility that the occurrence of sensor failure might be
widespread. It is certainly important to recognize that the BHFS measurements in (2) were biased low
by sensor failure so that this data set is not relied upon to inform public policy. However, the much
more important result of my analysis (3) of the UT BHFS data set is that sensor failure could indeed be
widespread, since it appears to have occurred wheh‘rﬁe‘aksuring NG streams with CH, concentrations as
high as 97%. This means that BHFS measurements throughout all sectors of the NG industry could be
affected. -

A third point of confusion is the contention by (1) that air pollution regulations in the Rocky Mountain
region resulted in lower emission rates in that region, and that this explains the lack of high emitters at
sites with lower CH, content observed in their study because that region‘ also-had a lower CH, content in
the wellhead gas. Air pollution regulations might indeed result in lower emission rates in the Rocky
Mountain region, but my analysis in (3) explains in detail that this is clearly not the cause of the scarcity
of high emitters at sites with wellhead gas of lower CH, content. To summarize, my analysis explains
that:

1) Even when the Rocky Mountain region is excluded, there are still almost four times fewer high
emitters at sites with wellhead NG compositions < 91% CH, than sites with > 91% CH,;

2) Pneumatic device emissions measured using flowmeters in a UT follow-up study (6) show a
complete reversal of the pattern of pneumatic device emissions measured by BHFS in the UT
study (2), i.e., when measured by flow meters, there was a larger occurrence of high emitters at
sites with low well head gas CH, content;

3) Emission rates measured by BHFS reported by (2) within a single region — Appalachia — show a
dramatic pattern of decreasing occurrence of high emitters as wellhead CH,; concentration
decreases over a narrow range from 98 to 95% CH,; and
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4) Although the downwind tracer measurements (discussed in further detail below) made by (2)
confirm that emission rates in the Rocky Mountain region were lower than other regions, these
measurements also confirm that the BHFS measurements are too low at sites with low welihead
gas CH, content, even in the Rocky Mountain region.

It was also asserted by (1) that both field and laboratory testing showed little evidence of the sensor
failure. As described in (3), | tested the sampler used in the UT study after the publication of their initial
results in (2) in the presence of members of the UT field team and observed the sensor failure during
this testing (4). This failure occurred even though the sampler had been upgraded to a new generation
of firmware after it was used to conduct the measurements made during the initial UT study (2). Afterl
conducted this field testing, | immediately interviewed two experienced BHFS technicians not associated
with the UT team who reported that the new generation of firmware had eliminated problems in their
samplers that caused leakstoo be reported too low. Given the dramatic improvement in performance
of samplers reported by these technicians using the updated generation of firmware, it is not surprising
that the sensor failure only occui‘red sporadically in the UT sampler during the field tests and was not
observed in their laboratory tests. Indeed, it is rather surprising that sensor failure occurred at all in a
unit with updated firmware, although this highlights that the factors affecting sensor failure are still not
well understood. |immediately relayed\thése reports of improved performance of samplers with
updated software to the UT team in March of 2013, so the authors of (1) and (2) are well aware that the
performance of the UT sampler could have been much worse when it was used for the original UT study
(2), during which time it had older firmware. It is also interesting to note that during the March 2013
field testing, the UT team had a second BHFS that they.did not allow me to test, stating that it had too
many problems to make testing it worthwhile, alth‘ough the nature of those problems was not specified.

The rebuttal (1) further asserts that the reason sensor trahsition failure occurred in the UT sampler
during the field testing | conducted was that the proper UT calibration protocol was not followed. As|
explained in (3), the UT team made no effort to conduct calibrations after the instrument was turned off
and on but only did so after sensor failure was noted. Consequehtly; in contrast to what they have
stated in (1), it does not appear that the UT protocol was to calibrate‘:any time the instrument was
turned on. ‘

Allen and his colleagues (1) also state that because the average emission rates of pneumatic devices
measured by flow meters in their follow-up study (6) are lower than those measured by their BHFS in
(2), this disproves the possibility of sensor failure since sensor failure should cause the BHFS
measurements to be lower. However, as | explained in (3), the pneumatic device data collected by BHFS
(2) were clearly not a random sample but instead focused only on emitting devices and inadvertently
excluded zero emission sources. This is one reason why average pneumatic device emission rates
calculated from the BHFS data (2) are higher than those calculated from the flow meter data (6).
Additionally, much of the pneumatic device data collected by flow meters (6) was likely biased low due
to calibration problems. The authors of (6) only calibrated their meters before and after their field
work, and claim in their supplemental information that they only became aware of a calibration problem
with one meter during their post project calibration. However, as | reported in (7), | also tested the UT
flow meters in March of 2013 while the measurements for the follow-up study (6) were ongoing, again
in the presence of the UT field team. During these tests, one of their two primary meters indicated flow
rates that were a factor of three lower than the actual flow rates released through the meters. Even
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after applying their post project calibration correction (6), the flow rates measured by this faulty meter
during these tests would still be a factor of two lower than the actual flow rates. These two additional
failures of quality assurance — the inadvertent exclusion of zero emitters from a supposedly random
sample of devices in (2) and the inadequate calibration of flow meters in (6) — further highlight the need
for dramatic improvements in greenhouse gas measurements programs.

Allen and colleagues (1) also maintain that infrared camera data showed no evidence that the BHFS did
not accurately measure high emitters; however, there is ample evidence that infrared camera
visualization cannot be currently used to quantify leaks. For instance, during the Ft. Worth Air Quality
study (8), daily QA checks on the IR camera indicated variations in factors of up to 15 in the distance at
which a known leak could be identified, much less quantified, under calm conditions. This large
variability, even under calm conditions, demonstrates the huge uncertainty in trying to quantify
emission rates with an IR Camei’é, since any air movement near the leak would dramatically increase this
variability.

Finally, their rebuttal (1) also states that my comparison (3) of the downwind tracer measurements to
the on-site emissions measurements in the UT study (2) is “complex” and obscures the fact that the
average emission rates from wells in thé‘RoCky Mountain region were too small for the sensor failure to
have occurred. In particular, they state: ~‘:'Theaverage per well emissions in the Rocky Mountains, made
using independent downwind sampling at s‘iktes‘with 40 wells, were low. The average emission rates
from these wells were less than half of the émissions that would be expected from just one high
emission rate source per well that Howard (2015) argues should be prevalent at sites with high methane
concentrations. Simply stated, if there were missing emissions of the magnitude asserted by Howard
(2015), they would have significantly increased measured downwind concentrations.”

However, this claim by (1) ignores the fact that the downwind tracer technique was used to measure
CH, emissions not from individual wells but from sites with an average of almost five wells per site, so
the emission rates per site are much higher than the emission réﬁtes per well. In fact, the average
emission rate per site measured by downwind tracer in the Rocky Mountain region was 0.66 scfm, over
50% greater than the expected BHFS sensor transition threshold of 0.4 scfm:at a sample flow of 8 scfm.
If the BHFS sample flow were reduced to 4 scfm due to low battery power or a tightly wrapped
enclosure, then sensor transition failure could occur when measuring a source as small as 0.2 scfm.
Consequently, a single measurement of a high emitter at these sites that was biased low by sensor
failure could cause the observed underreporting of BHFS measurements compared to the tracer data.

To illustrate this, and because Dr. Allen and colleagues (1) found my comparison in (3) of their
downwind tracer and on-site data (2) to be complex, | have tried to simplify that analysis here. Figure 1
presents the downwind tracer and on-site data from the UT study (2). For this analysis, | have removed
only the two sites at which 98% or more of the reported on-site totals were comprised of estimated
emissions, as opposed to actual BHFS measurements, since such a large fraction of estimated emissions
would prevent a reasonable evaluation of the BHFS performance.

As seen in Figure 1, the downwind tracer data do in fact indicate that there are real regional differences
in CH, emissions from natural gas production, as (1) have asserted and as | have acknowledged in (3).
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However, Figure 1 also shows clearly that the lower emissions in the Rocky Mountain region do not
preclude the occurrence of BHFS sensor failure. When comparing the results on a site by site basis, the
on-site totals (which as noted previously were a combination of BHFS measurements added to estimates
of sources not measured) are substantially lower than the downwind tracer results for the Rocky
Mountain and Mid-Continent sites where CH, content was less than 82%, and substantially higher for
sites in Appalachia where CH, content was greater than 97% (sensor transition failure is much more
likely at CH, concentrations less than 97% (3)). Only one out of 13 sites with CH, content < 82% (RM-5)
had reported on-site emissions greater than the emissions measured by tracer, while all four sites with
CH,4 content > 97% had on-site emissions greater than those measured by tracer. The ratio of total on-
site emissions to downwind tracer emissions for each region was as follows: Mid-Continent: 0.586;
Rocky Mountain: 0.461; and Appalachia: 1.44.

Since the reported on-site ém‘isks‘ions were greater than those measured by downwind tracer at all sites
with well gas content of CH, > 97% (the Appalachia region) where the BHFS likely functioned properly, |
conclude that the estimation methods used by the UT study (2) actually overestimate emission rates as
compared to actual whole-site emissions measured by downwind tracer analysis. Consequently,
although this simplified comparison indicates that the on-site data are a factor of two too low at the
Mid-Continent and Rocky Mountain sites; the actual effect of BHFS sensor failure is probably larger
because the overestimates of emissions from the sources that were not measured somewhat obscures
the underreporting by the BHFS, and I've distussed this in detail in (3). Therefore, although this direct
comparison of the downwind tracer measurements to the on-site data for each site independently
verifies the BHFS sensor failure, it does not reﬂéé:t‘t‘he full magnitude of the problem.

Given that the BHFS sensor failure can cause underrépofting of natural gas emission rates which could
create critical safety, health, and environmental problems; it is disappointing that (1) are willing to
ignore the clear evidence — provided by their own downwind tracer measurements — of the effects of
sensor failure in the UT BHFS (2) data set. The lead author of (1) and (2) served as the chair of the EPA
Science Advisory Board during the period of research conducted by (2}, and as such has a special
obligation to disclose this issue since the BHFS is an EPA approved ‘ihst;rument. The BHFS is currently the
standard instrument in the natural gas industry worldwide for measuring leak rates, and although
upgrading firmware may reduce sensor failure, it does not eliminate it, and it is likely that most BHFS’s in
use have older firmware more susceptible to sensor failure. The presence of such a problem that can
result in large leaks being reported as an order of magnitude or more lower than they actually are
presents a frightening safety issue. It may have also caused many CH, emission inventories to be biased
low, including those compiled by the USEPA Subpart W Greenhouse Gas Reporting program (9), the
American Carbon Registry (10), and the United Nations Clean Development Mechanism (11).

For the last 12 years | have served as a professional firefighter, and in that role | have seen the tragic
consequences that can occur when safety issues are ignored. Unfortunately, the misguided defense by
such prominent researchers (1) of the UT BHFS data set (2) creates a distraction from the critical safety,
health, and environmental problems that the BHFS sensor failure presents to the oil and NG industry. |
call upon the authors and sponsors of the UT study (2) to meet their obligations to the safety of industry
personnel and to the health of communities near oil and NG facilities by retracting the UT BHFS data set
(2) so that this critically important problem can be recognized and addressed immediately.
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Figure Captions

Figure 1. Comparison of downwind tracer measurements to reported on-site emission rates (compiled
from BHFS measurements and estimates of sources not measured) in the UT study (2). Sites with lower
CH4 wellhead gas content, where the BHFS is likely to experience sensor failure, have dramatically lower
on-site emission rates compared to emission rates at the same sites measured by downwind tracer
techniques. This comparison:provides independent corroboration of the BHFS sensor failure, even in
the Rocky Mountain region‘Where tracer measurements indicate lower regional emission rates. BHFS =
Bacharach Hi-Flow Sampler; MC = Mid-continent; RM = Rocky Mountain; AP = Appalachia.
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To: Weitz, Melissa[Weitz.Melissa@epa.gov]; Bylin, Carey[Bylin.Carey@epa.govl; Waltzer,
Suzanne[Waltzer.Suzanne@epa.govl; DeFigueiredo, Mark[DeFigueiredo.Mark@epa.govl; McKittrick,
Alexis[McKittrick.Alexis@epa.gov]

From: Deluca, Isabel

Sent: Mon 7/6/2015 5:47:17 PM

Subject: RE: ACTION: Inside Climate News: DDL: 7/10: methane sampling question

Hi all,

Apologies—I had forgotten that we had a similar question on this reporter back in May. | think
OAQPS may have handled that. | think we're off the hook—they’ll probably just recycle what
they sent last time.

Thanks,

Isabel

From: Deluca, Isabel

Sent: Monday, July 06, 2015 10:13 AM

To: Weitz, Melissa; Bylin, Carey; Waltzer, Suzanne; DeFigueiredo, Mark; McKittrick, Alexis
Cc: Gunning, Paul; Franklin, Pamela

Subject: FW: ACTION: Inside Climate News: DDL: 7/10: methane sampling question

Hi all,

We have a request from Inside EPA seeking comment on an upcoming study (embargoed copy
attached) that suggests some emissions testing equipment (the Bacharach Hi-Flow Sampler)
underreports emissions — leading to low national emissions estimates, and potential errors in
data reported to GHGRP.

Ex. 5 - Deliberative Process

Here's some language adapted from what we've used for the inventory in the past—\I'd love your
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input. Should we add anything more about GHGRP? Let me know what you think.

Ex. 5 - Deliberative Process

P'll also run this paper, and our response, by OAQPS before sending up, but wanted CCD’s input
first.

Thanks,

Isabel

From: Colaizzi, Jennifer C.

Sent: Monday, July 06, 2015 8:41 AM

To: Del.uca, Isabel; Sutton, Amanda

Subject: ACTION: Inside Climate News: DDL: 7/10: methane sampling question

Hi all:

Qutlet: Inside Climate News

Reporter: Lisa Song

DDL: 7/10

Reporter’s original request was to interview Roger Fernandez, but she is on deadline and
received an out of office from him. She updated her request to interview someone from EPA
who was on the Fall 2014 conference call with Fernandez and Howard.
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I'm emailing to request a phone interview with Roger Fernandez (cc'ed) during this coming week
(July 6-10). Last fall (around October), Mr. Fernandez organized a conference call with EPA
staff and air quality consultant Touche Howard. The purpose of the call was to listen to a
presentation from Mr. Howard about his concerns for the Bacharach Hi-Flow Sampler--an EPA-
approved methane sampling device. Mr. Howard believed he had found a flaw in the sampler
that resulted in underestimating methane emissions. During the call, Mr. Howard presented his
findings and discussed them with the EPA staff who were present, including Mr. Fernandez.

I have spoken with Mr. Howard, and he suggested I talk to Mr. Fernandez. I believe Mr.
Fernandez is no longer with the EPA Natural Gas Star Program--however, my questions are
about the presentation from last fall that he heard while he was still with the program.

In addition, Mr. Howard's has an upcoming paper (embargoed proof attached) that will soon be

published, based on his Bacharach testing. If Mr. Fernandez has any thoughts on the paper, I'd be
glad to discuss that too. If not, we can just stick with his thoughts on Mr. Howard's presentation.
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To: McKittrick, Alexis[McKittrick.Alexis@epa.gov]
From: Weitz, Melissa
Sent: Fri 2/5/2016 7:01:26 PM

Subject: Re: meeting on Hi-Flo Sampler with Touche Howard

It's fine-it's also been up on the projector screen for about 10 mins...

Sent from my iPhone

On Feb 5, 2016, at 1:58 PM, McKittrick, Alexis <McKittrick. Alexis@epa.gov> wrote:

This is what I sent. Didn't mean to include the bit at the bottom.

Sent from my iPhone

Begin forwarded message:

From: "McKittrick, Alexis" <McKittrick. Alexis@epa.gov>
Date: February 5, 2016 at 1:56:18 PM EST

To: "ralvarez@edf org" <ralvarez@edf.org>, "lisa.song@insideclimatenews.org"
<lisa.song@insideclimatenews.org>, "nancy@ncwarn.org" <nancy@ncwarn,org>,

"terri.shires@aecom.com" <terri.shires@aecom.com>

Subject: Fwd: meeting on Hi-Flo Sampler with Touche Howard

Sent from my iPhone

htips://epawebconferencing.acms.com/r2fk2tdpn9x/

From: Weitz, Melissa

Sent: Wednesday, December 23, 2015 4:35 PM
To: Weitz, Melissa; DeFigueiredo, Mark; Waltzer, Suzanne; McKittrick, Alexis;

Macpherson, Alex; Moore, Bruce; Thoma, Eben; Thompson, Lisa; Hambrick, Amy; Banks,

Julius; Irving, Bill
Cc: Howard, Jodi
Subject: meeting on Hi-Flo Sampler with Touche Howard
When: Friday, February 5, 2016 1:30 PM-2:30 PM.
Where: DCRoomWJCS4228A0AP/DC-OAR-OAP

Callin

Ex. 6 - Personal Privacy

p— - .
code; Ex. 6 - Personal Privacy i
! i
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A hold for now. We probably don’t need everyone to attend/call in. We'll sort it out as
we get closer to the date.
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To: Weitz, Melissa[Weitz.Melissa@epa.gov}]
From: MecKittrick, Alexis

Sent: Mon 1/25/2016 5:11:07 PM

Subject: RE: tomorrow's meeting

Thanks!!!

From: Weitz, Melissa

Sent: Monday, January 25, 2016 12:05 PM

To: McKittrick, Alexis <McKittrick. Alexis@epa.gov>
Subject: Re: tomorrow's meeting

It's canceled. Trying to figure out how to cancel the invite from my phone.
Sent from my iPhone

On Jan 25,2016, at 11:54 AM, McKittrick, Alexis <McKittrick. Alexis(@epa.gov> wrote:

Hi Melissa,

Any read of if the Touche Howard meeting for tomorrow will be postponed? I am guessing
he needs to travel up today for it, and the roads are still terrible. I am hoping to telework
tomorrow, but I would try to come in if this meeting is still on. I think the more EPA folks
in the room the better.

Let me know when you can. Thanks!

Alexis

Alexis McKittrick, Ph.D.

Climate Change Division
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U.S. Environmental Protection Agency
Phone: 202-343-9153

E-mail: mckittrick.alexis@epa.gov
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To: Weitz, Melissa[Weitz.Melissa@epa.gov]; DeFigueiredo, Mark[DeFigueiredo.Mark@epa.gov]
From: MecKittrick, Alexis

Sent: Mon 2/1/2016 7:05:25 PM

Subject: RE: GHGI public review drafts

Melissa,

I am coming in on Friday, so I'll be here for the Paul briefing (and the Touche Howard
meeting). I can make the Sarah briefing too, but Mark and I can discuss whether it makes sense
for both of us to attend or not.

Alexis

From: Weitz, Melissa

Sent: Monday, February 01, 2016 1:01 PM

To: DeFigueiredo, Mark <DeFigueiredo. Mark@epa.gov>; McKittrick, Alexis
<McKittrick.Alexis@epa.gov>

Subject: GHGI public review drafts

I added you both to the series of briefings on the GHGI public review drafts. It’s up to you guys
how you’d like to cover-you don’t both need to attend each briefing and if there is a meeting
neither of you can make that’s probably okay too. Also leaving it up to you if you want to invite
Julius to any/all of the briefings. Thank you!
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From: MecKittrick, Alexis
Location: DCRoomWJCS4228A0AP/DC-OAR-OAP

Importance: Normal

Subject: Accepted: hold for meeting on Hi-Flo Sampler with Touche Howard
Start Date/Time: Tue 1/26/2016 4:00:00 PM

End Date/Time: Tue 1/26/2016 5:00:00 PM
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To: Thoma, Eben[Thoma.Eben@epa.govl; Birnur Guven
(bguven@harcresearch.org)[bguven@harcresearch.org]; Natalie Pekney[Natalie.Pekney@netl.doe.govj;
amy.townsend-small@uc.edulamy.townsend-small@uc.edu};
anna.karion@noaa.gov[anna.karion@noaa.gov];, Anthony O'Brien[anthonyo@princeton.edul; Bill
Hirst[bill.hirst@shell.com]; Brian Lamb[blamb@wsu.edu}; Brian Nathan [brian.nathan@utdallas.edu};
Charles Boller[cboller@craworld.com}; Chris Rella[rella@picarro.com]; Clark,
Nigel[Nigel.Clark@mail.wvu.edu]; Colm Sweeney[colm.sweeney@noaa.gov]; Darrell
Anderson[anddarreli@gmail.com]; Dave Schaefer[captdaveschaefer@gmail.com]; David
Steele[dsteele@picarro.com]; david.lary@utdallas.edu[david.lary@utdallas.edu}]; 'Derek
Johnson'[Derek.Johnson@mail.wvu.edu]; 'desiree.plata@duke.edu'['desiree.plata@duke.edu'}; Don
Blake[drblake@uci.edu]; Drew Nelson[dnelson@edf.org];
ecrosson@picarro.comfecrosson@picarro.comj; Eric Kortfeakort@umich.edul; 'Gabrielle Petron - NOAA
Affiliate'[gabrielle.petron@noaa.govl; Isobel Simpson[isimpson@uci.edul;
‘Jackson@duke.edu'['Jackson@duke.edu'];
'Joe.von_Fischer@colostate.edu'['Joe.von_Fischer@colostate.edu'}; Josette Marrero[jmarrero@uci.edul;
Kelsey Monk[kmonk@edf.org]; Ken Davis[kjd10@psu.edul;
lanxin.lindsay@gmail.com[lanxin.lindsay@gmail.com]; Malcolm Argyle[argyle@sgl.com];
mcambali@purdue.edu[mcambali@purdue.edu]; McKain, David[David.McKain@mail.wvu.edu]; Morgan
Gallagher[morgan.gallagher@duke .edu]; mzondlo@princeton.edu[mzondlo@princeton.edul;
'plaine@uh.edu'['plaine@uh.edu']; 'pshepson@purdue.edu'['pshepson@purdue.edu'l; Ramon
Alvarez[RAlvarez@edf.orgl; Rob Bennett[robert.bennett@atmosenergy.com]; Robert
Harriss[rharriss@edf.org]; Sol Meyer[sgltexas@sgl.com]; Steve Conley[sconley@scientificaviation.com];
Steve Edburg[sedburg@wsu.edu]; Talbot, Robert[rtalbot@Central. UH.EDU]; Tegan
Lavoie[tlavoie@purdue.edu}; Thomas Lauvaux{thomas.lauvaux@carbonnowcast.com}; Tom
Ferrara[tferrara@craworld.com]; Touche Howard[touche_howard@earthlink.net}; Tracy
Tsai[ttsai@picarro.com]; Daniel Jacob[djacob@fas.harvard.edu]; Doug Blewitt{dougblewitt@comcast.net];
Francis O'Sullivan[frankie@mit.edu]; Steve Hanna[hannaconsult@roadrunner.com]

Cc: Lucy Kalundellkalunde @edf.org]; Kelsey Monk[kmonk@edf.org]

From: David Lyon

Sent: Thur 12/19/2013 9:49:46 PM

Subject: Barnett Campaign meeting January 23 & 24 in Denver

Greetings,

The Barnett Campaign meeting will be January 23 & 24 in Denver. Yes, I’'m aware that Denver
is cold in January, but it is the most convenient location to bring people together. EDF will book
a block of rooms and meeting place at a hotel near the Denver International Airport. We plan on
starting the meeting around 1:00 pm Thursday and ending around 4:00 pm Friday, which should
allow most people to stay only one night at the hotel. Lucy Kalunde at EDF will book your
flights. Please let us know if you are attending and send Lucy ( lkalunde@edf.org ) the following
information as soon as possible.

1. Name (First, Middle, Last)

2. DOB
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3. Preferred Contact Phone #
4. Preferred Airport (realize some people may be travelling already)

5. Any other important info we’ll need to book a good flight for them.

Thanks,

David

David Lyon
Research Analyst

Environmental Defense Fund
301 Congress Avenue, Suite 1300

Austin, TX 78701
(512) 691-3414

divon@edf.org

This e-mail and any attachments may contain confidential and privileged information. If you are not the intended recipient, please notify the
sender immediately by return e-mail, delete this e-mail and destroy any copies. Any dissemination or use of this information by a person other
than the intended recipient is unauthorized and may be illegal.

*hkhkhkhkhkhkhkhkhhkhhhbr bbb hhhh ATTACHMENT NOT DELIVERED *Thkhkhkhkhkhkhkhkhkhkhhhhhhrkh

This Email message contained an attachment named

image00l.jpg
which may be a computer program. This attached computer program could
contain a computer virus which could cause harm to EPA's computers,
network, and data. The attachment has been deleted.

This was done to limit the distribution of computer viruses introduced
into the EPA network. EPA is deleting all computer program attachments

sent from the Internet into the agency via Email.

If the message sender is known and the attachment was legitimate, you
should contact the sender and request that they rename the file name

ED_001785C_00000330-00002
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extension and resend the Email with the renamed attachment. After
receiving the revised Email, containing the renamed attachment, you can
rename the file extension to its correct name.

For further information, please contact the EPA Call Center at
(866) 411-4EPA (4372). The TDD number is (866) 489-4900.

dhhkhhhrhhdhb bbb rhbhbhthth ATTACHMENT NOT DELIVERED dhhkhhhrhhhb bbb bbb rhbhbhbtht
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From: Weitz, Melissa
Location: DCRoomWJCS4228A0AP/DC-OAR-CAP
Importance: Normal

Subject: meeting on Hi-Flo Sampler with Touche Howard
Start Date/Time: Fri 2/5/2016 6:30:00 PM
End Date/Time: Fri 2/5/2016 7:30:00 PM

Ca” ini Ex. 6 - Personal Privacy P COdeEL

A hold for now. We probably don't need everyone to attend/call in. We'll sort it out as we get
closer to the date.
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From: David Lyon fmrmmrmr e ,

Location: ReadyTalk Dial-In Number(s): Ex. 6 - Personal Privacy ; Access Code:
Importance: Normal T

Subject: Barnett Campaign Workshop January 24

Start Date/Time: Fri 1/24/2014 3:00:00 PM

End Date/Time: Fri 1/24/2014 11:00:00 PM

3933

Ex. 6 - Personal Privacy

For people attending in person, we will meet in Room B of the Marriott Denver Airport at Gateway Park.

Here is information for joining on Friday by web or phone.
PARTICIPANTS:

Participants, click here to join the meeting:

hitps:/i Ex. 6 - Personal Privacy i
Audio Conference Information:

Dial-In Number(s):

Us. & Canada:é Ex. 6 - Personal Privacy%
H i

ACCESS C()de: : Ex. 6 - Personal Privacy E
For technical support:

U.S. and Canada: 800.843.9166

International: 303.209.1600

Email: help@readytalk.com

Web: hitp://www.readytalk. com/support

This e-mail and any attachments may contain confidential and privileged information. If you are not the intended recipient, please notify the
sender immediately by return e-mail, delete this e-mail and destroy any copies. Any dissemination or use of this information by a person other

than the intended recipient is unauthorized and may be illegal.
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From: Fernandez, Roger
Location: By phone - see call in number
Importance: Normal

Subject: Hi-Flow Sampler Issues - How it relates to Subpart W and Possibly Quad O
Start Date/Time: Wed 10/1/2014 8:00:00 PM
End Date/Time: Wed 10/1/2014 8:30:00 PM

Hello Everyone,

This meeting request is a follow up to a call | had with Mr. Touche Howard and Mr. Thomas Ferrara
regarding their experience with the Hi-flow sampler and some potential measurement issues associated
with it.

As they noted, their primary concern is that this may result in important safety, measurement and
environmental issues. They believe that this could be solved by users updating their firmware and
conducting daily calibrations (as opposed to just bump tests).

I am not sure if / what authority we have in this regard but as this potential measurement error problem
could impact our inventory numbers and Quad O applicability assessments, | suggest we have this
discussion.

Please use the following call in number:

Dial: Ex. 6 - Personal Privacy
Conf Code:

THANKS!!
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From: Weitz, Melissa . !
Location: { Ex. 6 - Personal Privacy E code% Ex. 6 - Personal Privacy |
Importance: Normal

Subject: monthly methane research and data call
Start Date/Time: Wed 9/30/2015 5:00:00 PM
End Date/Time: Wed 9/30/2015 6:00:00 PM
Untitled

Untitled

A few of us in OAR and ORD been having monthly general coordination check in calls on
methane work.

We've decided to expand the invitation list for the call to include to others interested in
methane research and data and to focus on specific topics or research papers each month, and

also allow time for updates on activities.

For the 9/29 call, our plan is to discuss new research on Hi Flow samplers. | will send around
some papers in advance of the call. Let me know if you have any questions. Thanks!
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To: Weitz, Melissa[Weitz.Melissa@epa.gov]; DeFigueiredo, Mark[DeFigueiredo.Mark@epa.gov};
McKittrick, Alexis[McKittrick.Alexis@epa.gov], Waltzer, Suzanne[Waltzer.Suzanne@epa.gov}; Bylin,
Carey[Bylin.Carey@epa.gov]; Macpherson, Alex[Macpherson.Alex@epa.govl];, Moore,
Bruce[Moore.Bruce@epa.govl; Hambrick, Amy[Hambrick. Amy@epa.govl; Thompson,
Lisa[Thompson.Lisa@epa.gov]; Thoma, Eben[Thoma.Eben@epa.gov];, Snyder,
Jennifer[Snyder.Jennifer@epa.gov]; Alsalam, Jameel[Alsalam.Jameel@epa.gov]

Subject: monthly methane research and data call

a411_7.pdf
ALAIARA L IONGS D vmamdlos s wmodd
FAVVAIVE VAW DA ILITY BT

2015 Howard ESE HI FLO and UT EDF implications.pdf
Howard 2015b JAWMA high flow sensor.pdf

The 11/12/2015 call will focus on new research on Hi Flow samplers. Attached are some key papers.
241l 7.pdf 2015 Howard ESE HI FLO and UT EDF implications.pdf AWAM VOC Brantley.pdf
Howard 2015b JAWMA high flow sensor.pdf
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To: Weitz, Melissa[Weitz.Melissa@epa.gov}; DeFigueiredo, Mark[DeFigueiredo.Mark@epa.gov};
McKittrick, Alexis[McKittrick.Alexis@epa.gov], Waltzer, Suzanne[Waltzer.Suzanne@epa.gov}; Bylin,
Carey[Bylin.Carey@epa.gov]; Macpherson, Alex[Macpherson.Alex@epa.govl];, Moore,
Bruce[Moore.Bruce@epa.govl; Hambrick, Amy[Hambrick. Amy@epa.govl; Thompson,
Lisa[Thompson.Lisa@epa.gov], Thoma, Eben[Thoma.Eben@epa.gov}; Snyder,
Jennifer[Snyder.Jennifer@epa.gov]; Alsalam, Jameel[Alsalam.Jameel@epa.gov]; Gamas,
Julia[Gamas.Julia@epa.gov]; Beeler, Cindy[Beeler.Cindy@epa.govl; Shine,
Brenda[Shine.Brenda@epa.gov]

faAdA A~ 12y Hel=Tah e

O alaia Ade alk Y A il
QuUVjeLt. {auuiny wowuitiat HiiN} vty

3/22 meeting will focus on pneumatic controller measurements

https://epawebconferencing Ex. 6 - Personal Privacy
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Introduction

Abstract

The University of Texas reported on a campaign to measure methane (CH,)
emissions from United States natural ges (NG) production sites as part of an
improved national inventory. Unfortunately, their study appears to have sys-
tematically underestimated emissions. They used the Bacharach Hi-Flow® Sampler
(BHFS) which in previous studies has been shown to exhibit sensor failures
leading to underreporting of NG emissions. The data reported by the University
of Texas study suggest their measurements exhibit this sensor failure, as shown
by the paucity of high-emitting observations when the wellhead gas composition
was less than 91% CH,, where sensor failures are most likely; during follow-up
testing, the BHFS used in that study indeed exhibited sensor failure consistent
with under-reporting of these high emitters. Tracer ratio measurements made
by the University of Texas at a subset of sites with low CH, content further
indicate that the BHFS measurements at these sites were too low by factors of
three to five.Over 98% of the CH , inventory calculated from their own data
and 41% of their compiled national inventory may be affected by this measure-
ment failure. Their data also indicate that this sensor failure could occur at
NG compositions as high as 97% CH,, possibly affecting other BHFS measure-
ment programs throughout the entire NG supply chain, including at transmission
sites where the BHFS is used to report greenhouse gas emissions to the United
States Environmental Protection Agency Greenhouse Gas Reporting Program
(USEPA GHGRP, US. 40 CFR Part 98, Subpart W). The presence of such an
obvious problem in this high profile, landmark study highlights the need for
incressed quality assurance in all greenhouse gas measurement programs.

Protection Agency (USEPA) estimates CH, emissions from
the NG supply chain by scaling up individual ground-level

The climatic benefitsof switching from coal to natural
ges (NG) depend on the magnitude of fugitive emissions
of methane (CH,) from NG production, processing, trans-
mission, and distribution [12, 13, 27]. This is of particular
concern as the United States incressingly exploits NG
from shale formations: a sudden increese in CH, emis-
sions due to increased NG production could trigger climate
“tipping points” due to the high short-term global warm-
ing potential of CH, (86x carbon dioxide on a 20-year
time scale) [19]. The United States Environmental

measurements, mostly collected by reporting from industry
[26]. However, some recent studies have questioned
whether these “bottom-up” inventories are too low, since
airborne measurements indicate that CH, emissions from
NG production regions are higher than the inventories
indicate [5, 14, 17, 20, 21].

In order to help determine the climate consequences
of expanded NG production and use, and to address the
apparent discrepancy in top-down and bottom-up meas-
urements, the University of Texas (UT) at Austin and the
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Environmental Defense Fund launched a large campaign
to measure CH, emissions at NG production sites in the
United States [1]. This study used both existing EPA GHG
inventory data and new measurements fo compile a new
national inventory of CH, emissions from production sites.
Forty-one percent of this new inventory was based on
measurements made by [1], which included measurements
of emissions from well completion flowbacksas well as
measurements of emissions from chemical injection pumps,
pneumatic devices, equipment leaks, and tanks at 150 NG
production sites around the United States already in routine
operation (measurements from tanks were not used for
inventory purposes). However, the measurements of emis-
sions at well production sites already in operation (which
comprised 98% of the new inventory developed by [1])
were made using the Bacharach Hi-Flow Sampler (BHFS;
Bacharach, Inc., New Kensington, PA) and recent work
has shown that the BHFS can underreport individual emis-
sions measurements by two orders of magnitude [10].
This anomaly occurs due to sensor transition failure that
can prevent the sampler from properly measuring NG
emission rates greater than ~0.4 standard cubic fest per
minute (scfm; 1 scfm = 1.70 m3 h™" or 19.2 g min™" for
pure CH, at 60°F [15.6°C] and 1 atm; these are the stand-
ard temperature and pressure used by the US. NG in-
dustry). Although this failure is not well understood, it
does not seem to occur when measuring pure CH, streams,
but has been observed in four different samplers when
measuring NG streams with CH, contents ranging from
66% to 95%. The sampler’s firmwareversion and elapsed
time since last calibration may also influencethe occur-
rence of this problem [10, 18].

This paper presents an analysis of the UT [1] emissions
measurements that were made with the BHFS, and shows
that high emitters (>04 scfm [0.7 m® h™']) were reported
very rarely at sites with a low CH, content in the well-
head ges (<91%), consistent with sensor transition failure.
It also details testing of the exact BHFS instrument used
in that study and shows the occurrence of this sensor
failure at an NG production site with a wellhead com-
position of 91% CH, (the highest CH, concentration site
available during testing). Finally, the downwind tracer
ratio measurements made by [1] at a subset of their test
sites are reexamined and indicate that the BHFS meeasure-
ments made at sites with low wellhead CH , concentrations
were too low by factors of three to five.

Evidence of BHFS Sensor Transition
Failure in the UT Dataset

The Allen et al. [1] UT dataset is unique due to the
large number of BHFS measurements made across a wide
geographic range, the variety of emissions sources

T. Howard

(equipment leaks, pneumatic devices, chemical injection
pumps, and tanks) and the wide range of NG composi-
tions (67.4-98.4% CH,) that were sampled. As such, the
UT study provides an important opportunity to evaluate
the occurrence of sensor transition failure in the BHFS
as well as the impact of this issue on emission rates and
emissions factors based on measurements in other seg-
ments of the NG supply chain.

The BHFS uses a high flow rate of air and a loose
enclosure to completely capture the NG-emitting from a
source, with the emission rate calculated from the total
flowrate of air and the resulting sample NG concentra-
tion, after the background NG concentration is subtracted.
The sampler uses a catalytic oxidation sensor to messure
sample concentrations from 0% to 5% NG in air, but
must transition o a thermal conductivity sensor in order
to accurately measure sample concentrations higher than
5%. It is the failure of the sampler to transition to the
higher range that has been previously observed by Howard
et al. [10] and which can prevent the sampler from cor-
rectly measuring emission rates larger than 0.3-0.5 scfm
(05-09 m3 h™) (corresponding to sampler flowrates of
6-10 scfm [10-17 m3 h™"]). Figure 1 summarizes data
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Figure 1. Occurrence of sensor transition failure in BHFS instruments
with natural gas of varying CH 4 content from field and lab testing and
from emission measurement studies (data from [10, 18]). NG
concentrations in the BHFS sampling system measured by the BHFS
internal sensor are compared to independent measurements of the
sample NG concentrations. The 5% NG sample concentration threshold
is the approximate concentration above which sensors should transition
from catalytic oxidation to thermal conductivity. BHFS, Bacharach Hi-
Flow Sampler; NG, natural gas.
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showing the occurrence of sensor transition failure in
several BHFS instruments during both fieldand laboratory
testing as well as an example of the failure that occurred
during an emission measurement study [10, 18].

Figure 2 presents the BHFS emission measurements
from [1] &s a function of percent CH, in wellhead gas
at each site. Figure 2 also shows a line corresponding to
emission rates of 0.3-0.5 scfm (0.5-0.9 m® h™"), which
represents the range of emission rates that would require
transition from the catalytic oxidation sensor to the ther-
mal conductivity sensor at sample flowsranging from 6
to 10 scfm (1017 m® h™").

As seen in Figure 2, there are very few measurements
in the thermal conductivity sensor range (above ~0.4 scfm
[0.7 m® h™]) at sites where the wellhead gas composition
of CH, is less than 91%, and this is true across all source
categories. Raw data for sample flowand concentration
from the BHFS were not provided in [1] supplemental
information, so for this analysis, an average BHFS sample
flowrate of 8 scfm (14 m 3 h™') has been assumed, which
is the lower of the two sampling flowsspecifiedby the
Bacharach operating manual [4]. At this sample flowrate,
an emission source of 0.4 scfm (0.7 m® h™") corresponds
with a sample concentration of 5% NG in air, above
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Figure 2. Emission rates of various sources measured by BHFS at NG
production sites versus CH 4 concentration of the wellhead gas (data
from [1]). The solid line indicates the maximum emission rate that could
be measured by the catalytic oxidation sensor only (i.e., in the case of
sensor transition failure). For sites with a NG composition greater than
91% CH,, 13.3% of the measurements are in the TCD sensor range,
assuming a sampler flow rate of 8 cubic feet per minute. For sites with
less than 91% CH 4, only 1.5% of the measurements are in the TCD
range. BHFS, Bacharach HiFlow Sampler; NG, natural gas; TCD, thermal
conductivity detector.

UT Study Underestimates Methane Emissions

which point the sampler would need to transition to the
thermal conductivity sensor to allow for accurate mees-
urements. For sites with CH, concentrations less than
91%, only four out of 259 measurements (1.5%) exceeded
04 scfm (0.7 m® h™), while for sites with CH,, concen-
trations greater than 91%, 68 out of 510 measurements
(13.3%) exceeded 04 scfm (0.7 m3 h™'). Consequently,
there were almost nine times fewer measurements in the
thermal conductivity range at sites with wellhead gas
compositions of <91% CH, (Fig. 2). If the sample flow
rate were 6 scfm (10 m® h™") (due to a flow restriction
or reduced battery power), the threshold for transition
to the thermal conductivity range would be 0.3 scfm
(05 m® h™); this would still mean that there were almost
seven times fewer measurements in the thermal conduc-
tivity range at sites with wellhead gas compositions of
<91% CH, than at sites with >91% CH,. Although it is
well known that a small percentage of NG emission sources
account for most of the total emissions from any given
population [9, 15, 25], it is unlikely that almost all the
significantemitters at NG production sites would occur
only at sites with well head gas compositions >91% CH,.
It is also unlikely that the emission rates of all of the
source categories surveyed by [1], which had diverse emis-
sion mechanisms such as equipment leaks, pneumatic
controllers, chemical injection pumps, and tanks, would
all have a ceiling of ~04 scfm (0.7 m® h™!) at sites with
lower wellhead gas CH, concentrations. Consequently, the
low occurrence of high emitters at sites with lower well-
head gas CH, concentrations in [1] indicates that sensor
transition failure occurred at sites with CH, content <91%
and is consistent with the BHFS sensor failure found by
Howard et al. [10].

Alternative Theories for the Emission
Rate Pattern

Other possible causes of the emission rate pattern in the
UT BHFS measurements were considered, including: re-
gional operating differences at production sites; lighter
ges densities resulting in higher emission rates; and im-
proved detection of emissions by auditory, visual, and
olfactory (AVO, eg., [24]) methods at sites with heavier
hydrocarbon concentrations.

Regional operating differences

Allen et al. [1] point out that air pollution regulations
in Colorado which required installation of low bleed
pneumatic devices in ozone nonattainment areas after
2009 might have led to lower emission rates in the Rocky
Mountain region, which also had the lowest average con-
centration of CH, in the wellhead ges. However, if the

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 3
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Rocky Mountain region is removed from the analysis,
the occurrence of emitters >04 scfm (0.7 m® h™") at
sites with wellhead gas <91% CH, wes still only four out
of 129 measurements (3.1%), while for sites with CH,
concentrations greater than 91%, there remain 68 out of
510 meesurements (13.3%) that exceeded 04 scfm
(0.7 m® h™") (there were no Rocky Mountain sites with
CH, >91%). Consequently, even if the Rocky Mountain
region is removed from consideration, the occurrence of
emitters >04 scfm (0.7 m® h™') was almost four times
less at sites with less than 91% CH, than at sites with
greater than 91% CH,, so air quality regulations in Colorado
do not appear to be the cause of the emission rate trend
shown in Figure 2.

Beyond air pollution regulations, other unknown regional
operating practices unrelated to CH, concentration might
coincidentally cause the apparent relationship of site CH,
concentrations with the occurrence of high emitters.
However, as shown in Figure 3, the increase in lesks
>0.4 scfm (0.7 m® h™") directly correlates with the incresse
in the average regional CH, concentration. Because there
are four regions and two variables (site CH, concentration
and the percent of leaks >04 scfm [0.7 m® h™']), the likeli-
hood that regional operating characteristics would coinci-
dentally cause the increase in occurrence of leaks >04 scfm
(0.7 m® h™") to mirror the increasing regional site CH,
concentration is only one in 24 (four factorial), or ~4%.
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Figure 3. Occurrence of equipment leaks >0.4 scfm in each region of
the [1] equipment leak data set. The odds of the occurrence of leaks
>0.4 scfm being positively correlated with site CH , concentration are
one in 24, which makes it unlikely this trend is due to regional operating
effects.

T. Howard

Other known operating characteristics of the regions, such
as average site pressure and average site age, are not related
to the occurrence of equipment leaks >04 scfm (0.7 m® h™):
average site pressures show no correlation, and average site
age is negatively correlated with the occurrence of equip-
ment leaks >04 scfm (0.7 m® h™").

Another argument against regional differences comes
from the air quality study conducted by the City of Fort
Worth ([6]; or the Ft. Worth study). Ft. Worth is part
of the Mid-Continent region definedby [1], where the
occurrence of equipment leaks only (as opposed to all
BHFS meesurement categories) >04 scfm (0.7 m® h™)
observed by [1] was 2.0% of the total equipment leaks
in that region. However, equipment leaks >04 scfm
(0.7 m® h™") were 9.9% of the equipment leaks measured
in the Ft. Worth study. This wes determined using the
Ft. Worth study categories of valves and connectors; their
remaining category of “other”, which included pneumatic
control devices, had an even higher occurrence of sources
>04 scfm (0.7 m® h™") of 27.0%. Previous work [10]
hes shown that although sensor transition failure likely
occurred in the Ft. Worth study, these incidents were
limited compared to those in [1]. Consequently, the much
lower occurrence of leaks >04 scfm (0.7 m® h™) in the
Mid-Continent region in [1] compared to the Ft. Worth
study indicates that sensor transition failure was responsible
for the low occurrence of emitters <0.4 scfm (0.7 m3 h™")
as opposed to regional differences.

Gas density

Wellhead ges with a lower CH, and a greater heavier
hydrocarbon content will be denser than gas with higher
CH, content. Since ges flowthrough an opening is in-
versely related to the square root of the gas density, streams
with lower CH, content would have a lower flowrate if
all other conditions were the same. However, this would
cause at most a 20% decreese for the lowest CH,/highest
heavier hydrocarbon streams compared to the highest
CH,/lowest heavier hydrocarbon streams observed in the
UT study. This would also result in a gradual increase
in emissions as CH, content incressed, as opposed to the
dramatic increese in emissions observed over a very nar-
row range of CH, concentrations (Fig. 2).

AVO detection

AVO methods might improve for ges streams with a
greater proportion of heavier hydrocarbons, since those
streams would have greater odor and might leave more
visible residue near a leak. However, Figure 4 presents
the occurrence of emitters >04 scfm (0.7 m® h™) as a
function of site CH, concentrations in the Appalachia

4 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 4. Occurrence of emitters >0.4  scfm as a function of site
wellhead gas composition in [1] for the Appalachia region. An emission
rate of greater than 0.4scfm would require the transition from catalytic
oxidation sensor to the thermal conductivity sensor for an average
sample flow rate of 8scfm. The dramatic increase in emitters >0.4scfm
over a harrow concentration range argues against the possibility that
auditory, visual, and olfactory leak detection is the cause of the emission
rate pattern seen in the [1] data set.

region alone. This region had the highest average CH,
concentration in wellhead ges of any of the regions sam-
pled in [1]. As seen in Figure 4, even over a very narrow
range of site CH, concentrations (from 95% to >98%
CHy), there is a dramatic increase in emitters >0.4 scfm
(0.7 m® h™") with incressing CH, concentration. It is
unlikely that AVO methods would become so much more
efficientover such a narrow range of high CH , concen-
trations where the ges streams are likely odorless and
would leave little residue. This dramatic increase in high
emitters at sites with high CH, concentrations within the
Appalachia region alone also argues against the previously
discussed regional operating differences hypothesis in gen-
eral, since this trend is within a single region. Additionally,
although the Rocky Mountain region surveyed by UT [1]
had the lowest average site CH, concentration (74.9%)
and heaviest hydrocarbon content, it actually had the
highest number of equipment leaks (of any size) per well
of all the regions, and there were 25% more leaks per
well in that region than in the Appalachia region, which
had the highest average site CH, concentration (97.0%)
and therefore the lowest heavier hydrocarbon content. If
AVO methods were more effective due to the presence
of heavier hydrocarbons, it seems unlikely the region with
the heaviest hydrocarbon concentrations would have the
highest rate of overall leak occurrences.

UT Study Underestimates Methane Emissions

Field Testing of the UT BHFS

Because the trend in the [1] data was consistent with
sensor transition failure in the BHFS and no other ex-
planation seemed plausible, | partnered with UT to test
the sampler used by [1]. During that field program, the
UT sampler had a version of firmwareearlier than ver-
sion 3.03, and older firmwareversions have been shown
to exhibit sensor transition failure [10]. However, the
possible effect of the sampler’s firmware version on the
sensor failure was not known before this testing of the
UT sampler, and at the time of my testing its firmware
had been upgraded to a custom version (3.04).

As previously explained, the BHFS uses a catalytic oxi-
dation sensor to measure sample stream concentrations
from 0% to ~5% NG, and a thermal conductivity sensor
for concentrations from ~5% to 100% NG. The catalytic
oxidation sensor is typically calibrated with 2.5% CH, in
air and the thermal conductivity sensor is calibrated with
100% CH, [4]. The manufacturer recommends sensor
calibration every 30 days, a process which adjusts the
response of the instrument. The calibration may also be
checked (“bump-tested”) periodically by the user, which
does not adjust the instrument response. It is important
to note that the description of the BHFS sensor operation
in the supplemental information of [1] is incorrect, as
they state that:

[A] portion of the sample is drawn from the manifold
and directed to a combustibles sensor that messures the
sample’s methane concentration in the range of 0.05-100%
ges by volume. The combustibles sensor consists of a
catalytic oxidizer, designed to convert all sampled hydro-
carbons to CO, and water. A thermal conductivity sensor
is then used to determine CO, concentration.

However, the BHFS manual [4] clearly states that the
catalytic oxidation sensor is used to measure concentra-
tions from 0% to 5% CH, and the thermal conductivity
sensor from 5% to 100% CH,. This is a critical distinc-
tion because understanding that the BHFS uses a different
sensor for each range and that it must transition from
the catalytic oxidation sensor to the thermal conductivity
sensor in order to conduct accurate measurements is criti-
cal to understanding the problem of sensor transition
failure.

| initially conducted fieldtesting of the UT sampler in
conjunction with the UT team at a NG production site
with a wellhead gas CH, concentration of 90.8%. NG
composition analysis (via gas chromatograph-flameioniza-
tion detector) of wellhead ges at this site was conducted
by the host company just prior to the sampler testing.
The tests were conducted by metering known flow rates
of NG into the BHFS inlets through a rotameter (King
Instrument Company, Garden Grove, CA; 0-10 scfm air

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 5
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scale). The sample concentration indicated by the internal
BHFS sensor was recorded and compared to an external
ges concentration monitor used to measure the actual
NG concentration at the sampler exhaust (Bascom-Turner
Gas Sentry CGA 201, Norwood, MA). The Gas Sentry
unit wes calibrated with 2.5% and 100% CH, prior to
the testing; exhaust concentrations measured using this
unit agreed with concentrations calculated using the sam-
pler flowrate and amount of NG metered into the inlet
to within an averege of £6%.

This fieldtesting was conducted in March of 2014 and
is described by [10]; the UT sampler is identified therein
as BHFS No. 3. At the time of this testing, the UT BHFS
had firmwareVersion 3.04 (September 2013); this sampler
had been calibrated 2 weeks prior to the fieldtest and had
been used for emission measurements at production sites
since that time. The response of the sensors was checked
(“bump-tested”) by the UT fieldteam but not calibrated
prior to the start of testing. This wes apparently consist-
ent with the UT fieldprogram methodology: the sampler
had been used for measurements with only sensor bump
tests, but without the actual calibration unless the sensors
failed the bump tests (as was acceptable according to the
manufacturer's guidelines) during their ongoing field
measurement program and was provided to me for these
measurements “ready for testing”.

Although the UT sampler’s internal sensors initially
meesured the sample concentration correctly, after
~20 min of testing the sampler’s sensors failed to transi-
tion from the catalytic oxidation scale (<5% NG) to the
thermal conductivity scale (>5% NG), resuiting in sample
concentration measurements that were 11-57 times lower
than the actual sample concentration (Fig. 5). Because
sample concentration is directly used to calculate emission
measurements made by the sampler, this would result in
emission measurements that are too low. After this sensor
transition failure occurred, the UT BHFS was calibrated
(not simply “bump-tested”) and thereafter did not exhibit
any further sensor transition failures even during a second
day of testing at sites with wellhead CH, concentrations
as low as 77%. Two other BHFS that were not part of
the UT program were also tested using the same proce-
dure; these instruments had the most updated firmware
commercially available (Version 3.03) and were put through
an actual calibration sequence by the instrument distribu-
tfor’s representative prior to any testing. Neither of these
instruments exhibited sensor transition failure at any of
the sites. These results combined with the sensor transi-
tion failure previously observed in instruments with earlier
versions of firmware suggest that the combination of
updated firmwareand frequent actual calibrations might
reduce sensor failure, although this has not been proved
conclusively [10, 11].

T. Howard
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Figure 5. Performance of the BHFS used during the [1] study with NG
composed of 90.8% CH,; instrument firmware had been upgraded to
version 3.04 after that study but before this testing; calibration was

2 weeks old. Sensor transition failure set in after ~20min of testing; this
failure was eliminated once the BHFS was put through a calibration
sequence (as opposed to just a response test). BHFS, Bacharach HiFlow
Sampler; NG, natural gas.

The UT recently published a follow-up study of pneu-
matic device emissions [2]. As part of this work, Allen
et al. [2] conducted laboratory testing of the UT BHFS
by making controlled releases of both 100% CH, and a
test gas of 70.5% CH, mixed with heavier hydrocarbons
into the UT BHFS and did not report any sensor transi-
tion failures during these tests, but during this laboratory
testing the sampler (with the updated firmware version
3.04) wes calibrated (not ‘bump-tested”) immediately
prior to any testing. Consequently, the absence of sensor
failure during their laboratory testing is consistent with
the results observed during the March 2014 field tests,
where calibrating the instrument eliminated the sensor
failure.

Allen et al. [3] have suggested that the protocol during
their field campaign was to check the calibration of the
UT BHFS anytime it wes turned on and that not fol-
lowing this protocol led to the sensor transition failure
observed during this testing. However, in this instance,
the sensor failure occurred both prior to and after the
instrument was restarted. Additionally, the UT team ob-
serving the testing process did not suggest a calibration
check when the instrument was turned back on for further
testing. It was only after the sensor failure was observed
that they checked and calibrated the instrument, so it

6 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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does not appear that their protocol was to check the
instrument calibration anytime it wes turned on.

In summary, because the firmwarefor the UT sampler
was updated prior to this testing (and therefore not the
same as the version used during the UT field campaign
[11), and updated firmwaremay be a factor in reducing
sensor failure, it is not expected that these test results
are representative of how frequently sensor transition
failure might have occurred during the UT study [1].
However, these results do clearly demonstrate that sensor
transition failure could occur while using the UT BHFS.

Comparison With Other Pneumatic
Device Studies

Two other recent studies have measured emission rates
from pneumatic devices by installing meters into the sup-
ply gas lines of the devices, as opposed to measuring
emissions using the BHFS as was done by Allen et al.
[1]. Presino [22] used the meter installation technique
to study emissions from pneumatic controllers in British
Columbia, and the UT follow-up study [2] installed meters
{o meesure emission rates from pneumatics in the four
regions surveyed in the previous UT study [1].
Unfortunately, it is not possible to compare the pneu-
matic device emission factors from [1] to those from
either the Prasino study, or from [2], because even though
[1] sought to randomly sample pneumatic devices, the
result was clearly an emitter data set (measurements fo-
cused on pneumatic devices that were emitting), while
the Prasino data set was made with a random selection
of devices and [2] made comprehensive measurements of
all devices that could be measured safely at each site.
This difference can be demonstrated by comparing the
percentage of emitting intermittent pneumatic devices oc-
curring in [1] to that in [2]. In [1], 95.3% (123 out of
129 intermittent devices) were greater than zero, with the
smallest nonzero emitter equal to 012 scfh
(0.0034 m® h™"). In [2], only 575% (184 out of 320
intermittent devices) were greater than zero. This percent-
age of nonzero measurements drops further if the lowest
nonzero emitter (0.12 scth; 0.0034 m3 h™') observed by
[1] is used as a threshold, in which case only 21.3% (68
out of 320) would be considered emitters. Since this
threshold of 0.12 scfh (0.0034 m® h™") is 25 times lower
than the typical minimum range of the Fox FT2A meters
by [2], the reported emitters below this threshold are
most likely instrument noise caused by the meter’s thermal
elements inducing convection currents [7].
Consequently, although the intent of [1] wes to survey
randomly selected devices, their approach actually resulted
in a data set comprised almost exclusively of emitting
devices; this possibility is acknowledged by [2]. Therefore,

UT Study Underestimates Methane Emissions

average emissions and emission factors for pneumatic
devices calculated from [1] cannot be compared to those
calculated from data collected by random or comprehensive
sampling, such as presented in [22] or [2], because the
emitter data set removes almost all the zero emitters and
would result in much higher average emissions.

However, both [1] and [2] provide the CH, composi-
tion of the wellhead ges at the sites surveyed. This allows
a comparison of emission rate patterns as a function of
CH, concentration between devices measured by the BHFS
[1] and by installed meters [2]. If the scarcity of high
emitters measured by BHFS at sites with lower CH, con-
centrations in the initial UT study [1] was not an artifact
caused by sensor transition failure, then the same con-
centration pattern should be present whether measured
by the BHFS or by installed meters.

For this analysis, | removed the Rocky Mountain region
{o eliminate any bias from current or impending regula-
tions that might have affected emission rates. Additionally,
| focused on emissions from intermittent pneumatics
because that provides the most complete data set from
the two studies. Finally, as noted previously, the pneumatic
device measurements from [1] apparently focused on
emitting devices, whereas the devices surveyed in [2] were
sampled as comprehensively as possible so the occurrences
of high emitters in each study cannot be directly com-
pared. Consequently, it is the ratio of the occurrences of
high emitters at low CH, sites compared to high CH,
sites within each study that must be compared.

As seen in Table 1, when measured by [1] via BHFS,
the occurrence of emitters >0.4 scfm (0.7 m® h™) (on
a percentage beasis) at sites with wellhead gas compositions
<91% CH, is almost a factor of fiveless than at sites
with CH, >91%, consistent with BHFS sensor failure.
Conversely, when measured via installed meters [2], the
occurrence of emitters >04 scfm (0.7 m3 h™') at sites
with wellhead gas compasitions <91% CH, is almost a
factor of three higher than at sites with >91% CH,, in-
dicating a complete reversal in this trend. This stark dif-
ference between BHFS measurements and installed meter
measurements corroborates that the scarcity of high emit-
ters at sites with lower wellhead ges CH, content present
in [1] wes an artifact due to sensor failure in the BHFS.

Focused Analysis of the UT Study
Equipment Leaks

In order to better understand the threshold of wellhead
gas CH, concentrations at which sensor transition failure
might occur, | conducted further analysis focused only
on the equipment leak measurements in [1]. Equipment
leaks were targeted because they are expected to be short
term, steady state messurements, wheress emissions

© 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 7
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Table 1. Occurrence of intermittent pneumatic device high emitters as a function of wellhead gas composition, measured by Bacharach Hi- Flow

Sampler (BHFS) and installed meters (Rocky Mountain region excluded).

No. of devices

No. of devices with % of devices with

measured emissions >0.4 scfm emissions >0.4 scfm

Allen et al. [1] (Measured by BHFS sampler)

Wellhead gas composition >91% CH, 85 28 32.9

Wellhead gas composition <91% CH, 44 3 8.8
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 0.21

wellhead gas compositions >91% CH,
Allen et al. [2] (Measured by installed meters)

Wellhead gas composition >91% CH, 106 3 2.8

Wellhead gas composition <91% CH, 97 8 8.2
Ratio of frequency of high emitters at sites with wellhead gas compositions <81% CH, to sites with 2.9

wellhead gas compositions >91% CH,

reported from pneumatic devices and chemical injection
pumps are likely to be an average of several measure-
ments, and emissions from tanks may have an NG com-
position different from the reported wellhead
composition.

Figure 6 presents the occurrence of equipment leaks
in [1] that are >04 scfm (0.7 m3 h™") as a function of
site CH, concentrations. At sites with gas compasitions
of >97% CH,, 11.7% of the leaks were >04 scfm
(0.7 m® h™"). At sites with wellhead compoasitions between
90% and 97% CHy, only 2.7% of the leaks were >0.4 scfm

14%

n=9%
1.7% > 0.4 sefm
12%

2
X

8%

6%

4% n=T4
2.7% > 0.4 scfim

Percent occurrence of leaks > 0.4 scfin

2% n=110
0.9% > 0.4 scfim

0% :
>70%-90%  >90%-97%  >97%-98.2%

Wellhead gas composition (% CH,)

Figure 6. Occurrence of equipment leaks >0.4scfm as a function of site
well head gas CH 4 content in the [1] study. Leaks >0.4  scfm would
require the transition from catalytic oxidation sensor to the thermal
conductivity sensor for an average sample flow rate of 8cfm. The large
increase in the occurrence of leaks >0.4 scfm at sites with CH,, content
>97% indicates sensor transition failure below that threshold.

(0.7 m® h™), and this occurrence dropped to less than
1% at sites with wellhead ges compositions of <90% CH,,
indicating that the sampler’s ability to measure leaks
>04 scfm (0.7 m® h™') declined dramatically with de-
creasing concentrations of CH, in the wellhead ges (Fig. 6).
This analysis indicates the BHFS may underreport emitters
>04 scfm (0.7 m3 h™") even when making messurements
of NG streams with CH, content up to 97%, and provides
a valuable refinementof the possible CH , concentration
threshold where sensor failure may occur, since the high-
est CH, wellhead content available for direct field testing
of the BHFS was only 91.8%.

Comparison of the UT Study Downwind
Tracer Ratio Measurements to On-Site
Measurements

Allen et al. [1] also made emission measurements using
a downwind tracer ratio method at 19 sites for comparison
to their on-site measurements. Their emissions from on-
site measurements were calculated by using direct meas-
urements of equipment leaks and pneumatic devices that
were made by the UT team combined with estimates of
emissions from any sources at the well pad that were
not measured. These unmeasured sources included all
tanks and compressors (compressors were a small source
in comparison to all other sources) as well as any pneu-
matics that was not directly measured during the site
survey. For CH, emissions from tanks and compressors,
the authors used “standard emissions estimation methods”
[1]. For pneumatic devices that were not surveyed, they
applied their own emission factors based on the measure-
ments of pneumatic devices collected during the UT study.

The tracer ratio measurements were made by relessing
a tracer gas at a known rate to simulate the emissions
from the site being measured. Simultaneous downwind
measurements were then made of the concentrations of
both the tracer gas and CH,, and then the emission rate

8 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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of CH, wes calculated after correcting for background
CH, and tracer concentrations. The tracer ratio method
allows for the calculation of CH, emissions from the entire
production site by accounting for the dilution of CH, es
it is transported into the atmosphere from the source to
the receptor.

In summarizing their tracer ratio measurements, [1]
state: “For the production sites, emissions estimated based
on the downwind measurements were also comparable
o total on-site measurements; however, because the total
on-site emissions were determined by using a combination
of measurements and estimation methods, it is difficult
to use downwind messurements to confirm the direct
source messurements.” However, upon further examina-
tion, | found that the downwind tracer measurements do
in fact indicate the occurrence of sensor transition failure
in their BHFS measurements.

Table 2 summarizes the characteristics of the sites sur-
veyed by [1] using both the BHFS and the tracer ratio
method. As described above, the on-site total is a com-
bination of the measurements made by BHFS and estimates
for any sources not actually measured by the UT team.
| calculated the ratio of actual BHFS measurements to

UT Study Underestimates Methane Emissions

the total reported on-site emissions (estimated and mees-
ured) using the supplemental information provided by
[1]. Actual measured emissions ranged from 1% to 79%
of the total reported on-site emissions and the on-site
total emissions range from 13% to 3500% of the down-
wind tracer ratio measurements (Table 2).

Table 3 compares the tracer ratio measurements to the
on-site emissions, categorized by CH, content in the well-
head gas and by the fraction of actual BHFS meesurements
that comprise the on-site emissions. As shown in Table 3,
when comparing all sites without separating them into
these categories, the total of the tracer ratio measurements
does agree closely to the on-site emissions, as [1] con-
cluded. However, four of the sites had wellhead gas com-
positions of >97% CH,, at which the BHFS would be
expected to make accurate measurements. The remaining
15 sites had wellhead gas compositions of <82% CH,, at
which sensor transition failure might occur and the BHFS
would underreport emissions measurements.

Once the sites are categorized by these wellhead ges
compositions, a deficitbetween the on- site emissions and
the tracer ratio measurements appears in sites with lower
CH, concentrations, and this deficit becomes more

Table 2. Sites surveyed by Allen et al. [1] using both Bacharach HiFlow Sampler (BHFS) and downwind tracer methods.

On-site total?

Wellhead (BHFS BHFS Leaks

gas CH, measurements ~ measure- measured by Tracer ratio On-site total/
Tracer site BHFS site concentration and estimates)  ments/on-site BHFS/on-site emission rate tracer ratio
name’ name’ (%) (scfm CH,) total® total® (scfm CH,) emission rate
MC-1 MC-1 70.9 1.89 0.12 0.12 2.32 0.815
MC-2 MC-14 78.1 0.99 0.34 0.01 2.00 0.495
MC-3 MC-20 77.2 1.83 045 0.18 2.95 0.552
MC-4 MC-5 74.2 2.31 0.19 0.14 3.36 0.887
MC-5 MC-16 79.3 1.85 0.56 0.18 4.18 0.445
RM-1 RM-7 81.9 0.22 0.11 0.09 0.584 0.368
RM-2 RM-8 74.5 4.43 0.02 0.02 1.70 2.80
RM-3 RM-1 76.4 0.13 0.67 0.69 0.442 0.303
RM-4 RM-3 74.9 0.11 0.21 0.00 0.839 0.137
RM-5 RM-2 74.5 0.09 0.35 0.33 0.240 0.392
RM-6 RM-5 74.5 0.74 0.41 0.42 0.421 1.75
RM-7 RM-14 74.5 0.27 0.26 0.26 0.368 0.736
RM-8 RM-19 76.2 0.29 0.82 0.79 1.08 0.266
RM-9 RM-12 74.5 0.38 0.05 0.05 0.864 0.436
RM-10 RM-4 76.2 2.86 0.01 0.00 0.080 35.7
AP-2 AP-23 97.8 1.28 0.68 0.35 0.270 4.74
AP-3 AP-43 97.0 4.75 0.62 0.59 4.12 1.15
AP-4 AP-37 97.0 1.36 0.44 0.42 0.709 1.92
AP-5 AP-18 97.0 0.39 0.74 0.69 0.288 1.37

MC, Midcontinent; RM, Rocky Mountain; AP, Appalachia. Different site numbers were used to identify the same sites in the [1] supplemental infor-
mation depending on whether BHFS or tracer ratio measurements were under discussion.

20n-site totals were calculated by [1] by combining measurements made by the BHFS with estimates of any sources not measured; these estimates
were made using mathematical models for tanks as well as emission factors for compressors and any pneumatic controllers not directly measured.

3Calculated by this author from [1] supplemental information.
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pronounced as the amount of the on-site emissions actu-
ally measured by the BHFS becomes a larger fraction of
the total on-site emissions (measured and estimated). As
seen in Table 3, for the high CH, sites where the sampler
should function properly, the on-site measurements and
estimates exceed the tracer measurements, but approach
a ratio of one (complete agreement) as the amount of
actual messurements incresses. For the two sites with
wellhead gas compositions >97% where the measured
equipment leaks (which should produce steady emissions
as compared to pneumatic devices which might be in-
termittent) averaged 64% of the total on-site measurements
and estimates, the on-site total still exceeds the tracer
measurements but are within 17% (Table 3). However,
for the sites with wellhead gas CH, concentrations <82%,
there is a clear trend of increasing deficit of the on- site
emissions compared to the tracer ratio measurements as
the actual BHFS messurements become a larger part of
the on-site total. For instance, for the nine sites with at
lesst 20% of on-site emissions from BHFS measurements
(for an average of 45% of the total on-site emissions
measured by the BHFS), the on-site emissions are only
49% of the tracer messurements (Table 3). For the two
sites that had greater than 67% of on-site emissions data
actually measured by the BHFS (for an average of 75%
of on-site emissions data meesured by the BHFS), the
on-site emissions are only 28% of the tracer measure-
ments (Teble 3).

Comparing the on-site data to the downwind tracer
measurements provides two valuable insights. First, there
were six sites in the Rocky Mountain region for which
at least 20% of the on-site emissions were measured by
the BHFS (for an average of 45% actual BHFS measure-
ments) (Table 2). For these six sites, the on-site emissions
average 48% of the tracer data. For the two sites in this

T. Howard

region with at least 67% of on-site emissions from actual
BHFS measurements (and with BHFS measurements
averaging 75% of the total on-site data), the on-site emis-
sions were only 28% of the tracer measurements (Table 2).
This provides clear evidence that the sampler actually did
fail in the Rocky Mountain region, as opposed to any
possible regional differences (discussed previously) that
might have created an emission pattern of no high emit-
ters at sites with lower CH, concentrations in the wellhead

Additionally, the tracer measurements provide a
method to estimate the magnitude of errors introduced
in the data collected by [1] due to BHFS sensor transi-
tion failure. For all of the sites with wellhead gas com-
positions 297% CH, (where the sampler should operate
correctly), the emission rates determined by on-site
measurements exceeded those determined by the down-
wind tracer ratio measurements. Assuming that the
tracer method accurately measured the total emissions
from the sites surveyed (e.g., [8, 15, 16]), | concluded
that the methods used in [1] overestimated the on-site
sources that were not directly measured. Therefore, |
calculated the error in BHFS measurements at sites
with low CH, wellhead gas composition by assuming
the tracer ratio measurements are correct. | have also
assumed for this analysis that the estimates of any on-
site sources made by [1] are also correct, even though
the tracer data indicate they may be too high, because
this is conservative in the sense that correcting for this
overestimate would increase the BHFS error calculated
below. Given these assumptions, subtracting the on-site
estimated emissions from the tracer ratio emissions
gives the expected measurement total that should have
been reported from the BHFS measurements. Comparing
this expected measurement total to the actual

Table 3. Comparison of on-site measurements to tracer ratio measurements made by Allen et al. [1] categorized by wellhead gas CH, concentration.

Average percentage

Site category (number of sites in of on-site emissions

Total on-site emissions

Ratio of on-site
emissions to emissions

Total emissions

(reported by BHFS and measured by

parentheses) reported by BHFS estimated) (scfm CH,) tracer (scfm CH,) measured by tracer
All sites (19) 37 26.0 26.8 0.97
Sites where BHFS measurements are expected to be accurate (wellhead gas composition >97% CH,)
All sites (4) 62 7.78 5.39 1.44
Sites with >50% BHFS measurements (3) 68 8.42 4.68 1.37
Sites with >50% equipment leaks (2) 64 (equipment 514 4.41 1147
leaks/on-site total)
Sites where BHFS measurements are expected to underreport high emitters (wellhead gas composition <82% CH})
All sites (15) 28 18.2 214 0.85
Sites with >5% BHFS measurements (13) 35 10.9 19.6 0.56
Sites with >20% BHFS measurements (9) 45 6.10 125 0.49
Sites with >50 % BHFS measurements (3) 69 2.27 5.68 0.40
Sites with >67 % BHFS measurements (2) 75 0.42 1.52 0.28
BHFS, Bacharach HiFlow Sampler.
10 © 2015 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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measurement total reported by the BHFS provides an
estimate of the error in BHFS measurements made by
Allen et al. [1].

Table 4 presents the results of this analysis, and shows
that for the 13 sites with wellhead gas compositions <82%
CH, and with at lesst 5% actual BHFS measurements
(with an average of 35% of emission sources measured
by BHFS; bottom half of Table 3), the actual measure-
ment total of the BHFS is less than one-third of the
expected total, and this appears consistent as sites with
greater fractions of actual BHFS measurements are ex-
amined. For these sites, the emission rates for equipment
leaks and pneumatics devices presented by [1] are ap-
proximately equal, so it is not possible to assign a larger
error to one category or another. Additionally, the errors
introduced by the sensor failure would be expected to
vary from site to site depending on how many emitters
were present with emission rates exceeding the sensor
transition threshold ceiling. Nevertheless, for these 13 sites,
the BHFS underreported emissions for equipment leaks
and pneumatic devices on average by more than a factor
of 3 (Teble 4).

Although the magnitude of error due to BHFS sensor
failure is not known for all the sites in [1], the tracer
ratio measurements make clear that the BHFS messure-
ments for sites with lower CH, content in the wellhead
ges could be at lesst a factor of three too low. More
precise estimates of errors in [1] are not possible because
of the nature of the sensor failure. Unlike a simple cali-
bration error, for which it might be possible to correct,
when sensor transition failure occurs, it is not possible
to know for any particular measurement if the failure
hes occurred, and if it has, what the resulting error was,
since the reported emission rates could range from 20%
to two orders of magnitude too low.

UT Study Underestimates Methane Emissions

Implications

Sensor transition failure is clearly apparent in the BHFS
measurements made in the UT study by Allen et al. [1],
as evidenced by the rare occurrence of high emitters at
sites with lower CH, (<91%) content in the wellhead
ges. The occurrence of this sensor transition failure wes
corroborated by fieldtests of the UT BHFS during which
it exhibited this sensor failure, as well as by tracer ratio
measurements made by [1] at a subset of sites with lower
wellhead ges CH, concentrations. At this subset of sites,
the tracer ratio measurements indicate that the BHFS
measurements were too low by at least a factor of three.
Because BHFS measurements were the basis of 98% of
the inventory developed by [1] using their own messure-
ments (and 41% of their total compiled inventory), the
inventory clearly underestimates CH, emissions from
production sites. However, the extent of this error is dif-
ficultto estimate because the underreporting of emission
rates due to BHFS sensor transition failure at any given
site would vary depending on sampler performance and
on how many high emitters were present at that site.
Estimating this error is further complicated by the fact
that the data set collected for pneumatic devices by [1]
was an emitter data set; this might offset the effect of
underreported high emitters in their pneumatic device
emission factors. Finally, although real differences may
exist in regional emission rates, the UT data set [1] should
not be used to characterize them because the occurrence
of sensor failure clearly varied between regions due to
variations in wellhead CH, compositions, which may mask
any actual regional differences that existed.

Although the performance of the BHFS may vary be-
fween instruments or with sensor age or calibration vintage,
this analysis of the [1] data set shows that measurements
made using a BHFS for NG streams with CH, content

Table 4. Estimation of underreporting in Allen et al. [1] BHFS measurements of CH, emission rates at sites with low CH, well head gas composition

(<82%), using downwind tracer measurements (from Table 3).

On-site
emissions
Minimum Average estimated by Expected BHFS
percentage of percentage of Total UT (excludes measurement
on-site on-site emissions BHFS total (tracer Emissions Ratio of
emissions emissions measured by measure- —on-site reported by reported BHFS
reported by reported by tracer (scfm ments) (scfm estimates) BHFS (scfm to expected
BHFS BHFS No. of sites CH,) CH,) (scfm CH,) CH,) BHFS
>5 35 13 19.63 7.09 12.54 3.81 0.30
>20 45 9 12.50 3.34 9.16 2.76 0.30
>50 69 3 5.68 0.71 4.97 1.56 0.31
>67 75 2 1.52 0.11 1.42 0.31 0.22
BHFS, Bacharach HiFlow Sampler; UT, University of Texas.
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up to 97% could lead to severe underreporting of NG
leaks. That this failure can occur at such high CH, con-
centrations, which are close to the higher end of those
found in transmission and distribution systems, indicates
that past measurements in all ssgments of the NG supply
chain could have been affected by this problem. Because
the BHFS sensor transition failure phenomenon is not
fully understood, it is not known how much this error
may have affected pest measurements of CH, emission
rates. Two factors preclude this: first,the performance of
any individual BHFS may vary, and second, once sensor
transition failure occurs, there is no way to determine
the magnitude of the measurement error in the absence
of an independent fluxor concentration measurement.

If BHFS sensor transition failure has occurred during
industry monitoring at transmission, storage, and pro-
cessing compressor stations where the BHFS is approved
for leak measurements mandated by the USEPA Subpart
W Greenhouse Gas Reporting Program (GHGRP) [23],
then these errors could be larger than those observed at
production sites. Leaks at transmission, storage, and pro-
cessing compressor stations commonly exceed 0.4 scfm
(0.7 m3 h™") (the approximate threshold for BHFS sensor
transition failure) and in some cases may range from
10 to over 100 scfm. Because the largest 10% of leaks
typically account for 60-85% of the total leak rate at a
given facility [9, 25], sensor transition failure in the BHFS
could bies CH, emission inventories compiled by the
USEPA GHGRRP substantially low since the most signifi-
cant leaks could be underreported. Additionally, leak
measurements using the BHFS may be used to guide
repair decisions at NG facilities, and underreporting of
leaks could compromise safety if large leaks remain un-
repaired as a result.

Finally, it is important to note that the BHFS sensor
failure in the UT study [1] went undetected in spite of
the clear artifact that it created in the emission rate trend
as a function of wellhead gas CH, content and even
though the authors’ own secondary messurements made
by the downwind tracer ratio technique confirmed the
BHFS sensor failure. That such an obvious problem could
escape notice in this high profile, landmark study high-
lights the need for increased vigilance in all aspects of
quality assurance for all CH, emission rate measurement
programs.
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INTRODUCTION

Breakthroughs in oil and gas extraction technologies are leading to greatly increased production
activity in many areas of the United States (U.S.). Environmentally responsible development of
this critical asset requires an understanding of the potential impacts of air pollutant emissions
from upstream oil and gas production sites. These emissions can include volatile organic
compounds (VOCs), which may impact regional ozone levels, hazardous air pollutants (HAPs)
that could potentially create air quality concerns for near-site residents, and greenhouse gases
(GHGsS) such as methane (CHy), a potent radiative forcing agent. A key to understanding
emissions and mitigation options is in the development and optimization of cost-effective
measurement methods specific to the upstream oil and gas production. Better measurements and
models not only help protect the environment, but also help facilitate efficient resource
development by alleviating concerns where appropriate.

Air emissions from oil and gas production sites vary based on a number of factors including the
geologically-determined composition of the oil and gas product (wet or dry gas), age of well,
production equipment designs, and equipment maintenance states. The U.S. EPA’s mandatory
GHG reporting rule'will greatly increase knowledge of GHG emissions from oil and gas
production operations, but there is an ongoing need to improve emissions estimates, as well as to
facilitate identification and remediation of compliance issues related to air quality. To improve
both the measurement methods and emissions knowledge for this sector, the U.S. EPA Office of
Research and Development (ORD), and its partners are investigating both on-site direct and off-
site remote measurement approaches.

This extended abstract describes a direct measurement study of production pad emissions in the
Greeley, CO area conducted by ARCADIS in coordination with Sage Environmental Consulting
(Sage) and in collaboration with several industry operators. The study focused on determination
of instantaneous VOC and CH, emissions from production pads (with emphasis on
oil/condensate tank emissions) using non-invasive measurement techniques. In addition to
preliminary emissions results, this abstract describes the instrumentation used and issues
encountered in the study.

BACKGROUND

In conjunction with a July 2011, EPA mobile measurement campaign in Weld County CO,*
ARCADIS contracted Sage to perform on-site emission surveys at 23 oil and gas production
pads in the area using previously demonstrated direct measurement and infrared camera
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techniques.” The measurements were conducted in collaboration with three oil and gas
companies that provided site access, process information, engineering descriptions, and safety
oversight. The specific locations surveyed during the field study were determined prior to field
deployment and were chosen to represent the range of operations (e.g. different gas qualities,
condensate or produced water generation, etc.) present in the area and to maximize data
collection efficiency. The identities of the companies and sites will remain anonymous for
reporting purposes.

Emissions from production pads can be fugitive or vented in origin and for the purposes of this
study, are grouped into four categories, tank emissions (three types) and non-tank emissions
from auxiliary equipment(all other production pad emissions). As evidenced in recent
measurement studies,> the most readily identified emission points by infrared camera
observation are storage tank-related (i.e. leaking thief hatches). Atmospheric storage tank
emissions (both oil/condensate and produced water) can be described as (1) tank breathing
losses, that occur due to vapors produced by diurnal temperature changes, (2) tank working
losses, that are caused by displacement during tank filling cycles, and (3) tank flashing losses,
that occur when liquids with entrained gas experience a pressure drop during transfer of the
liquid from a wellhead or separator. Of these four production pad emission categories (three
tank and non-tank auxiliary), tank flashing losses are generally thought to be much larger than
the others on an instantaneous basis. For this study, measurements from three of the four defined
emission categories make up part of the data set (no tank working losses were observed).
Emission measurements presented here represent “snapshots” in time. Because many production
pad emissions (e.g. condensate tank flashing emissions) are short-term in nature, instantaneous
emission measurements should not be extrapolated to tons per year values.

The air pollutant emissions from storage tanks can be mitigated in part by control devices, such
as venting to flares, a technique typically employed in the Greeley, CO area. Although
engineering calculations exist for estimation of tank emissions,”” the effectiveness of controls
due to engineering design variability, such as combustor back pressure, and maintenance-related
variables such as thief hatch seal integrity, lead to uncertainty in actual emissions in comparison
to estimates. Ideally a non-invasive, easy to execute quantification techniques could be used to
produce reliable short-term emission measurements from these systems in order to increase
emissions knowledge and compare actual emission to estimates.

The general goals for the study were to improve understanding component-level emissions and
speciation profiles from production pads in the study area using non-invasive measurement
approaches, such as infrared video and real-time leak measurements coupled with subsequent
laboratory analysis of acquired canisters. Another goal of the study was to improve
understanding of the performance of high volume sampling equipment®”’ for emissions that are
VOC rich (defined here as combustible vapor < ~95% CHy). A final goal was to improve
understanding of non-invasive measurement techniques for study of condensate tank flash
emissions. Other studies®’ investigating flash emissions have performed measurements using
installed vent flow meters and with techniques to seal leaks so as to force all flow through the
measurement location. This study investigates the utility of a less invasive approach to
investigate flash emissions using a high volume sampler described below. Because flash
emissions occur at irregular intervals and are not sustained, they are challenging for short
duration direct measurement approaches. To help address this issue, the site operators manually
induced flashing events, when deemed safe by the site operator and study personnel.
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Experimental Methods

The production pad infrared (IR) video survey and emission measurement procedures are
discussed briefly here and will be detailed in a future EPA report.’ The methods are nearly
identical to those used by Sage in execution of the site measurements portion of the City of Fort

Warth Nlatnral (Yag Qhidy 3 Fnar oarh vwall nad a nra_maagnramant cito cnirvav waca cnnhdnctad
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that included collection of GPS and meteorological data, generation of a detailed inventory of all
major on-site equipment, creation of a site sketch showing the location of all major components,
and collection of several photographs of the site. After the pre-measurement data was recorded,
a leak inspection survey of the site was conducted using a model GasFinderIR® video camera
(FLIR Inc, Billerica, MA, USA). When an emission point was identified, the camera operator
documented the type of equipment that was emitting and the location of the leak or vented
emission and the video was saved.

Following the IR camera survey, a Bacharach Hi Flow Sampler™ (BHFS, Bacharach Inc. New
Kensington, PA, USA) was used to determine the emissions rate from all safely accessible
emission points identified by the survey (Figure 1). The BHFS is designed for measuring CHy4
leaks in downstream natural gas inspection and maintenance applications ( in natural gas
processing plants for example), but less is known about its use in upstream measurement
applications on gas streams that can possess significant non-CH, components. The following
description of the BHFS design and operation is based on the best information available at the
time of publication.® The BHFS consists of an intrinsically safe, induced flow (blower) sampling
system that pulls a certain volume of the emitted gas and surrounding air through a flexible hose
into a manifold for analysis. The sample first passes through a flow restrictor where a pressure
differential is measured and used to calculate the flow rate of the sample-air mixture. The BHFS
automatically corrects the flow rates for
difference in the density of air and CHy. A
portion of the sample is diverted to a
combustibles sensor based on a dual mode
catalytic oxidation/ thermal conductivity
pellistor (e2v technologies Itd. Chelmsford,
Essex, United Kingdom) to determine
measured gas concentrations. A similar
sensor is also used to determine the
background combustibles concentration. In
automatic mode, the sampler lowers the
induced flow to 80% of the initial value and
compares the calculated leak rate to provide
confidence that the leak was captured in its
entirety. Care is taken that the exhaust of the
sampler does not impact the background
sensor.

Figure 1: Example of a condensate tank vent
measurement with a BHFS.

In this study, for low emission rates where vapor concentrations were below the detection limit
of the BHFS, the concentration was determined with a Thermo Toxic Vapor Analyzer 1000B
(Thermo Scientific, Franklin, MA, USA). For large emissions exceeding the BHFS’s upper flow
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range of 10.5 cfm, a bagging measurement was conducted using a three (3) standard cubic feet,
anti-static measurement bag placed over the emission source (if conditions were deemed safe and
the source was accessible) and its fill time was recorded.

For the BHFS measurements, the instrument-determined emission rate is calculated using

Equation 1:
Emission (cfin) = Emission % - Background % * Flow (cfin) (D)
100

Where:
Emission (cfim) = Flow rate of emission in cubic feet per minute
Emission % = Volume percent of combustibles in the sample stream
Background % = Volume percent of combustibles in the background sampling area
Flow (cfin) = Flow rate of sample and background air in cubic feet per minute

The BHFS response is calibrated at 2.5% and 100% CHas before each day’s trials. As detailed in
the results and discussion section, the translation of the BHFS from downstream natural gas
inspection applications (where CH4 dominates the emission speciation profile) to upstream
applications on VOC-rich streams is not straightforward and the instrument-determined emission
rate is now believed to deviate significantly from actual values under certain conditions.

In addition to BHFS readings, evacuated canister samples were collected at a select number of
detected emission points at each site. Data from the canister samples in conjunction with the
BHEFS total flow results were used to compare with the volumetric emissions rate determined by
the BHFS alone and also to estimate the mass emission rates of individual organic compounds
from selected emission points. The samples were collected directly from the exhaust port of the
BHFS during sampling, using a 6 liter SUMMA canister. The sample collection integration time
was approximately 30 seconds. Canisters were generally collected at the largest emission point
at cach site, determined by the BHFS emission flow rate (cfim). A total of 33 canisters were
acquired at the 23 sites. At least one canister was acquired at each site. The number of canisters
at cach site was dependent on and the amount and severity of emission points detected. The
canisters were analyzed for the US EPA Photochemical Assessment Monitoring Stations
(PAMS) Target Volatile Organic Compounds (VOC), as well as percent level CHy, ethane,
ethene, propene, and propane by ASTM D1946/D1945.

Calculation of a emission rate of total combustibles (all canister-measured compounds) or total
VOC:s (all compounds excluding CHy4 and ethane) using canister information was accomplished
by summing the concentrations of individual measured species to achieve a total measured
pollutant volume percent which was then multiplied by the total BHFS gas flow rate (converted
to standard conditions). This canister-based emission rate is a modified version of Eq. (1) where
the pollutant concentration is determined by the canister instead of the BHFS combustibles
Sensor.

Calculation of speciated mass emissions from the canister data was accomplished by first
converting the VOC concentration results from ppmv to units of mg/m’, and converting the
BHFS gas flow rate to standard gas flow. The VOC emission rate is calculated using Equation 2:

ER = C *CFMstd * CF * 8760 2)
Where:
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ER
C

CFMstd = Flow rate (ft’/min) corrected to standard conditions

CF

= VOC Emission Rate (Ib/year)

= VOC Concentration (mg/m?)

= Units Conversion Factor = 3.75 E-06 (1 m*/35.32147 ft’) *60 minutes/hour

* (1 1b/453592.37 mg)

Field data were coliected electronicaily on data loggers and archived daily at the end of testing.
Further information on procedures is contained in references 3 and 6.

Results and Discussion
A total of 23 sites were surveyed, excluding two replicate site visits. The average production pad
consisted of five wells, 258 valves, 2,583 connectors, three condensate tanks, one produced
water tank, four thief hatches, five pressure relief devices, three separators, and all sites
contained one flare/combustor. One production pad contained a dehydration unit, and four each
contained one vapor recovery unit. Reference 6 contains engineering details of each production

Figure 2: BHFS volumetric emission rate readings by component group: ( -) individual
readings, (0) mean, () median, bars represent + 1S. Inset labels (A-G), see Figure 3.
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pad visited along with a layout sketch of each site. Of the 23 sites surveyed, 19 processed field
gas by a single stage three phase separator and four utilized a two stage separation process to
further recover natural gas by reducing the net pressure by approximately one fourth of the liquid
sent to the condensate tanks via a buffer tank.

Each emission that was detected with the IR camera (93 total) was measured with the BHFS to
determine the BHFS volumetric leak rate of the mixed vapor stream. The average emission rate

APme1ﬂQfIﬁh ‘F{\‘I" ﬁ‘fﬂ mﬂif\'f‘ comnonent (T'Y'f\‘l]1’\1ﬂﬂ’ 1€ Q]‘\ﬁ‘xiﬁ m FI(T]I‘I"P 9 anﬂpncnfp fQﬂ‘I
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emissions were identified as leaking thief hatches (N=44) and vent structure (N=2). All
measurements in the pressure relief device category came from condensate tank emissions.
Thirteen of the produced water tank measurements were from vents with two described as
hatches and one as a cover. Emissions from five pneumatic control devices were measured with
“other” category consisting of one valve, two equipment vent devices. The remaining two
measured emissions in this category came from a vapor recovery unit knock-out pot (0.34
SCFM) and a leaking compressor filter (0.294 SCFM). The final category represents all
miscellaneous connections and fittings observed to be leaking. As similarly observed in other
studies,”” leaking thief hatch seals on condensate tanks was the most frequently observed
production pad emission category. The difficulty in maintaining seal integrity is readily
acknowledged by industry collaborators for this study. Additional details on emissions from
various component types with associated IR video examples will be included in the presentation.
The inset labels in Figure 2 (labels A-G), associated with the condensate tank emissions, are
present to reference specific measurements described in Figure 3.

As discussed in the experimental methods section, the BHFS is calibrated to CHy4 and the
volumetric emission determination is believed to be relatively accurate for measurement of
emissions within its operational range that are primarily composed of CHy (i.e. combustibles >
~95% CH,4). Emissions from well pads in Weld County Colorado have high VOC to CHy ratios
due to the wet gas nature of the production in this area (in contrast to Fort Worth, TX).”> This
difference is particularly exaggerated for this study since a large percentage of the measurements
came from condensate tank emissions. It is hypothesized that because the BHFS utilizes a dual
mode catalytic oxidation/ thermal conductivity sensor to determine combustible gas
concentrations, measurements of sample stream gases with different physical properties than
CH, will affect various aspects of the operation of the BHFS. The primary effect is found to be
in the vapor concentration determination used in Eq 1. Flow rate bias due to density differences
of the sample stream relative to CHy are also likely present but are not discussed here.

As determined by canister analysis (discussed subsequently), the typical hydrocarbon profile
varies by source (i.e. condensate tank compared to non-tank) but is dominated by aggregate non-
CHy species (ethane, propane, butane, etc) for this study (in contrast to profiles from dry gas
fields).” For this study, when sampled combustibles concentrations exceed ~ 10%, (caused by
low dilution through the BHFS), the BFHS determined volumetric emission readings can be
biased low (Figure 3). The ordinate of Figure 3 shows the difference in the BHFS determined
volumetric emission rate (called BHFS) and that found by combining the canister-derived total
combustibles concentration with the BHFS total flow rate (called canister), plotted against the
total combustibles percent by volume in the canister (abscissa). Atup to » 5% combustible
concentration by volume, the BHFS’s sensor is believed to operate in catalytic oxidation mode
then, as the concentration increases, the oxidation is saturated and the sensor switches to thermal
conductivity mode. The unit’s response is calibrated at 2.5% (mid range of the catalytic
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oxidation mode) and 100% CH,4 before each day’s trials. Since the relative thermal conductivity
of CH4 compared to air is significantly higher than that of other observed hydrocarbons (at the
pellistor’s operating range around 500 C), the concentration reading (and hence leak rate

Figure 3: Difference in BHFS and canister-determined emission rates with
Oilgcreasing combustibles concentration

BHEFS - Canister Emisison Rate (SCFM)
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determination) of the BHFS underestimates actual by progressively larger amounts with
increasing total concentration of non-CH4 combustibles. This situation occurs for larger leaks
but is also affected by the coupling of the extraction system which controls the dilution of the
vapor stream.

The underestimation of the volumetric emission rate in these cases can be very significant as
evidenced by the inset labels (A-G) of Figure 3 that link the largest absolute difference measures
(BHFS - Canister results) to the BHFS determined values shown in Figure 2. It is the case that
among the lowest measured values with the BHFS were some of the highest actual emissions. In
fact, cases A, C, and D, were condensate flash emission events, which are known to greatly
exceed breathing emissions on a short time duration basis. It is believed that this
underestimation in the volumetric emission response of the BHFS is due mostly to the
aforementioned concentration determination issues caused by the thermal conductivity
differences found in VOC-rich streams, but may also be due in part to internal flow rate density
compensation issues that arise from non-CH,4 emissions. These factors are the subject of further
investigation. Regardless of cause, this low bias can be reduced through additional dilution of
the sampling stream (increasing clean air flow). This would however further limit the useful
range of the instrument (currently 10.5 CFM maximum total flow rate) so alternative measures,
such as calibrated leak bagging, become more attractive.®’

Methane and VOC mass emission rate estimates were produced for a subset of observed leaks
(N=33) using the previously described procedure which combines the BHFS total flow and
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canister analysis (Figure 4). The VOC emission values represent the summation of 55 canister
measured compounds that were above detection limit (excludes ethane and methane). All
measurements were either associated with a condensate tank emissions or one of five non-tank
related emissions sampled (two separator, two well head and one dehydrator). The speciation
profiles for the tank and non-tank emissions were very different. A measure is found by
calculating the volumetric ratio of CH,4 to the summation of other measured compounds (VOCs
plus ethane) which yields values 243.3% (s = 161.3%) and 38.3% (s = 26.8%) for non-tank and
tank related emissions respectively. It is noted that one produced water tank is included in the
tanks set which possessed amongst the lowest CHy ratios (17.2%). Twenty five of the tank-
related canisters were acquired during thief hatch measurements with three from pressure relief
or vent devices. The latter subset showed an average CHyratio 0f 20.3% (s = 6.8%). The CH4
ratio difference between the tank-related and non-tank related emissions is evident in Figure 4b
which shows very low non-tank related VOC emissions. Five tank canisters were identified as
being acquired during flash emissions and these samples showed CH4 to VOC ratios similar to
the full set (39.6%, s =35.1%). VOC emission measurements associated with these five flash
canisters were (2.31 g/s, 1.59 g/s, 1.50 g/s, 0.20 g/s, and 0.02 g/s). The last of these values is
believed to be unrealistically low and is the subject of further investigation. Data at this point is
considered preliminary and is subject to revision.

SUMMARY

Improved understanding of both air pollutant emissions from oil and gas production operations
and accuracy of the tools we use to measure and model these emissions is important for
environmentally responsible development of this national asset. This extended abstract presents
preliminary information from a direct measurement study of production pad emissions near
Greeley, CO, conducted by ARCADIS in coordination with Sage Environmental Consulting and
in collaboration with several industry operators. The goals of the study were to improve
understanding of component-level emissions, speciation profiles, non-invasive measurement
approaches, and condensate tank flash emissions. In addition to preliminary emissions results,
this abstract describes the instrumentation used for data collection and methods used for
emissions quantification. Next steps include continued processing of this data set to better
understand instrument performance, measurement uncertainty, and source emissions.
Additionally, recommendations for next steps in laboratory studies, field testing, and method
development activities for sector specific non-invasive measurement approaches will be
formulated.
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Figure 4: (a) CHsand (b)VOC Mass emission rate by canister calculation: (-) individual readings,
(0) CHymean, (") CHy median, (L)) VOC mean, (A) VOC median, bars represent + 1 s.
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Assessment of volatile organic compound and hazardous air pollutant
emissions from oil and natural gas well pads using mobile remote and
on-site direct measurements

Halley L. Brantley,' Eben D. Thoma,>’ and Adam P. Eisele®
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U.S. Environmental Protection Agency, 109 TW. Alexander Drive, Research Triangle Park, NC 27711, USA; e-mail: thoma.eben@epa.gov

Emissions of volatile organic compounds (VOCs) and hazardous air pollutants (HAPs) from oil and natural gas production
were investigated using direct measurements of component-level emissions on pads in the Denver-Julesburg (DJ) Basin and
remote measurements of production pad-level emissions in the Barnett, DJ, and Pinedale basins. Results from the 2011 DJ on-site
study indicate that emissions from condensate storage tanks are highly variable and can be an important source of VOCs and
HAPs, even when control measures are present. Comparison of the measured condensate tank emissions with potentially emitted
concentrations modeled using E&P TANKS (American Petroleum Institute [API] Publication 4697) suggested that some of the
tanks were likely effectively controlled (emissions less than 95% of potential), whereas others were not. Results also indicate that
the use of a commercial high-volume sampler (HVS) without corresponding canister measurements may result in severe
underestimates of emissions from condensate tanks. Instantaneous VOC and HAP emissions measured on-site on controlled
systems in the DJ Basin were significantly higher than VOC and HAP emission results from the study conducted by Eastern
Research Group (ERG) for the City of Fort Worth (2011) using the same method in the Barnett on pads with low or no condensate
production. The measured VOC emissions were either lower or not significantly different from the results of studies of
uncontrolled emissions from condensate tanks measured by routing all emissions through a single port monitored by a flow
measurement device for 24 hr. VOC and HAP concentrations measured remotely using the U.S. Environmental Protection Agency
(EPA) Other Test Method (OTM) 33A in the DJ Basin were not significantly different from the on-site measurements, although
significant differences between basins were observed.

Implications: VOC and HAP emissions from upstream production operations are important due to their potential impact on
regional ozone levels and proximate populations. This study provides information on the sources and variability of VOC and
HAP emissions from production pads as well as a comparison between different measurement techniques and laboratory analysis
protocols. On-site and remote measurements of VOC and HAP emissions from oil and gas production pads indicate that
measurable emissions can occur despite the presence of control measures, often as a result of leaking thief hatch seals on
condensate tanks. Furthermore, results from the remote measurement method OTM 33A indicate that it can be used effectively as
an inspection technique for identifying oil and gas well pads with large fugitive emissions.

Intr ion
troductio etal., 2011) as well asan understanding of overall air impacts from

With revolutionary advancements in oil and natural gas
extraction capability comes enhanced responsibility to
understand air pollutant emissions associated with this growing
sector (U.SEnvironmental Protection Agency [EPA], 2013c).
Environmentally responsible development  requires  accurate
knowledge of methane (CH,4) emissions from all parts of the
supply chain (Moore et al., 2014; Caulton et al., 2014; Howarth

relatively short-lived well site creation, drilling, and completion,
and the long-term production operations (Allen et al., 2013; EPA,
2007; McKenzie et al., 2012). To support low-environmental-
impact ongoing field operations, an understanding of emissions
and mitigation approaches for upstream oil and natural gas produc-
tion sites (well pads) is required (EPA, 2013c). In addition to CHy,,
well pad emissions can include volatile organic compounds
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(VOCs), which may impact regional ozone levels (Rodriguezetal.,
2009; Kemball-Cook &@#; Schnell et al., 2009; Pétronetal
2012), and hazardous air pollutants (HAPs) that could potentially
create air quality concems for near-site residents (Zielinska et al.,
2014; Colorado Department of Public Health & Environment
[CDPHE], 2007; Walther, 2011). Well pad emission profiles vary
based on the geologically determined composition of the product,
age of the well, production equipment design, and maintenance
stales of systems and emission control devices. Veli pad emissions
can be difficult to measure and model due to the large number of
potential sources (vented and fugitive), including temporally
variable emissions from condensate storage tanks with and without
emission controls (Field et al., 2014; Brandt et al., 2014; Hendler
et al., 2006; Gidney and Pena, 2009; Allen et al., 2013). Other
common production pad comporents with associated
combustion emissions such as separator burmers, enclosed
combustion devices (ECDs), and engines were not included in
this work.

Compared with the growing information base on CH, emis-
sions from oil and natural gas, the topic of well pad VOC and
HAP emissions inspection and measurement is underdeve-
loped. Knowledge of CH, emissions has been driven by
years of government and industry efforts (EPA, 2009, 2013b,
2010, 1993) and through a surge of recent research activity, in
part enabled by the emergence of high-performance CH, mea-
surement systems (Wang et al., 2008; Crosson, 2008; Pétron
et al., 2012). Although CH, is ubiquitous in all phases of oil
and natural gas production and distribution, product-related
VOC and HAP emissions are confined primarily to upstream
production activities and exhibit large basin-to-basin differ-
ences. These factors, combined with a lack of easily imple-
mented field instruments to measure VOCs and HAPs, have
made emissions data from well pads challenging to obtain. The
intermittent nature of flash emissions, which occur when pres-
surized hydrocarbon liquids (oil or condensate) are transferred
from a separator into a storage tank at atmospheric pressure,
adds further complexity. Speciated emissions and control effec-
tiveness are important emerging topics, especially in light of
new regulations on condensate storage tank emissions designed
to reduce ozone impacts (EPA, 2013a; CDPHE, 2008, 2014).

Development of cost-effective direct and remote measure-
ment tools that can facilitate leak detection and repair, inform
inventories, and support compliance activities is key to under-
standing well pad emissions. Manually executed well pad emis-
sion assessment techniques include optical gas imaging (OGl)
devices that can efficiently detect the presence of hydrocarbon
leaks (Carbon Limits, 2013; E FA ,2009), direct source measure-
ments with high-volume samplers (HVSs), and bagging techni-
ques to characterize and quantify component-level emissions
(EPA, 2010). With supporting laboratory analysis, the latter
can provide detailed speciated emission rate data but can be
resource intensive and require special safety considerations. In
the future, on-site (source) measurement approaches may be
complemented with fence line sensor and remote mobile inspec-
tion techniques that provide higher levels of temporal and spatial
coverage to help rapidly identify well pad malfunctions and
gathering pipeline leaks (Brantley et al., 2014; Environmental
Defense Fund [EDF], 2014; U.S. Department of Energy

Advance Research Projects Agency—Energy [ARPA-E],

.2014; EPA, 2014; Thoma et al., 2012; Eapi et al., 2014).

This paper compares VOC and HAP well-pad emission data
from several studies that use different measurement
approaches. New data from an EPA on-site study and a series
of remote mobile surveys are compared with four previous on-
site studies (Table 1). VOC and HAP well pad emissions are
driven by hydrocarbon liquids (condensate or oil) production
rates, basin profiies, and efficacy of poliution control sirategies.
Examples of well pad components used for pollution control
are ECDs and vapor recovery units (VRUS).

The EPA study of well pad emissions in the Denver-
Julesburg (DJ) Basin (Modrak et al., 2012) was similar in
form to the City of Fort Worth Natural Gas Air Quality
Study conducted by Eastern Research Group (ERG, 2011).
Each study used OGI to locate emission points and HVSs to
provide a rapidly executed measure of emissions. The studies
differed in the canister analysis utilized and in the condensate
production level and tank emission controls, with tank emis-
sions from the ERG study ascribed primarily to produced water
storage, emissions from which are not controlled but vented to
the atmosphere. Only two of the sites in the ERG study utilized
controls, whereas ECDs were present on all of the condensate
tanks measured in the EPA on-site study.

Three other on-site studies conducted in Texas focused
exclusively on well pad condensate tanks using a “seal and
measure” approach where all potential emission points were
routed through a single port monitored by a flow measurement
device for extended time periods (Hendler et al., 2006; Gidney
and Pena, 2009; ENVIRON, 2010). In these studies, the Gas
Processors Association (GPA) method 2286-95 (GPA, 1999)
was used to determine the composition of the vented gas. This
somewhat invasive approach guarantees sampling of periodic
flash emission events potentially missed by the short-duration,
single-point HVS measurement. To further inform approach
comparisons and source complexity, the on-site studies are
compared with remote measurements of VOC and HAP well
pad emissions acquired using a mobile inspection approach,
EPA Other Test Method (OTM) 33A (EPA, 2014).

Methods

The EPA on-site study of 23 Weld County, Colorado, well
pads in the DJ Basin was executed over a 1-week period in
July 2011 by the same measurement team (Sage
Environmental Consulting) using identical equipment and
procedures similar to those detailed in the ERG study report
(ERG, 2011; Modrak et al., 2012). Each pad in the EPA
study contained on average 258 valves, 2583 connectors,
three condensate tanks, a produced water tank, four thief
hatches (one for each tank), five pressure relief devices,
and three separators. All sites were fitted with one ECD as
per current State of Colorado requirements. Four of the 23
sites were fitted with VRUs and one production pad con-
tained a dehydration unit. Nineteen sites were fitted with
single-stage separators, and four sites utilized two-stage
separators and buffer tanks designed to reduce the pressure
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of the liquid sent to the condensate tanks (to reduce flash
emissions). Field conditions in the EPA study were sunny to
partly cloudy, with temperatures ranging from 73.3 to 101.0
°F (average 87.8 °F). Following daily instrument quality
assurance checks, site photos and details of the well pad
equipment and layout were recorded, and an OGIl emission
inspection survey was conducted using a model GasFinderlR
(FLIR, Inc., Billerica, MA) with emission points video-
uOCumenieu Based on the OGI survey, emission rate data
were acquired using a HVS (Bacharach Hi Flow Sampler;
Bacharach, Inc., New Kensington, PA) on all safely accessi-
ble emission points (Supplementary Material, Figure S1). For
low emission rates where vapor concentrations were below
the detection limit of the HVS, the concentration was deter-
mined with a Thermo Toxic Vapor Analyzer 1000B (Thermo
Scientific, Franklin, MA).

From the largest emission point on each well pad, at least
one sample was acquired at the exit of the HVS (N = 33 total)
using a leak-free, subatmospheric 6-L stainless steel canister
with a valve and passivated interior. The canister-derived con-
centration values were used with the measured HVS flow rates
to calculate emission rates for individual and groups of com-
pounds. Where canisters were not acquired, the default HVS-
derived emission rate was utilized. One major difference
between the ERG (ERG, 2011) and EPA on-site studies is
that the ERG study used EPA method TO-15 (EPA, 1999) for
source canister VOC and HAP analysis and gas chromatogra-
phy with a thermal conductivity detector for CH, analysis,
whereas in the EPA on-site study the concentrations of total
and speciated nonmethane volatile organic compounds were
determined using gas chromatography with flame ionization
detection (GC-FID) as described in EPA/600-R-98/161 (EPA,
1998) coupled with American Society for Testing and
Materials (ASTM) 1946/D1945 (2010) analysis of CH,, ethane
(C,Hs), and propane (C;Hs). EPA method TO-15 (EPA, 1999)
is an ambient method, but was used by ERG for the source
measurements in order to facilitate comparison with ambient
measurements focusing on HAPs. The EPA on-site analysis set
includes 57 compounds, 52 of which are VOCs, and hes
significantly more overlap with oil- and natural gas product—
related compounds, compared with the TO-15 method, which
provides more coverage of general HAPs. Twenty-three VOCs
are included in both the EPA on-site and ERG (ERG, 2011)
analysis sets, but, notably, propane is omitted from the latter.

Off-site, or remote, measurements of CH, well pad emis-
sions were collected using the EPA OTM 33A (EPA, 2014)
mobile remote sensing approach during field campaigns in the
Colorado DJ Basin, in July 2010 and 2011; Texas Barnett
Shale, in September 2010 and 2011; and Wyoming Pinedale,
which includes the Pinedale Anticline and Jonah fields, in June
2011, July 2012, and June 2013, and are detailed elsewhere
(Brantley et al., 2014; EPA, 2014). For this approach, the
sampling vehicle was positioned at a downwind observation
location in the emission plume of the well pad using real-time
CH,4 data from the concentration measurement instrument
(CMI), either a G1301-fc cavity ring-down spectrometer
(Picarro, Inc., Santa Clara, CA) or a GG-24-r off-axis inte-
grated cavity output spectrometer (Los Gatos Research Inc.,

Mountain View, CA). During the CMI measurement, the
engine was turned off and a 20-min observation was executed.
When elevated CH,; concentration levels were present, the
operator triggered the acquisition of a nominal 30-sec duration
evacuated canister sample, collocated with the CH, CMI inlet
(Supplemental Material, Figure S2). The 1.4-L canisters were
analyzed using the same method employed in the EPA on-site
study (EPA, 1998; ASTM, 2010). The canisters provide snap-
shot measures of CH,4 and bpev:,laieu' VOC and HAP concentra-
tions in the off-site plume representing distance-dispersed
emissions from the well pad. The CH,; concentrations were
compared with the CMI measurements for quality assurance
purposes.

To determine individual compound emission estimates, the
OTM 33A (EPA, 2014) point-source Gaussian (PSG) CH,4 emis-
sion assessment from the 20-min observation is used in conjunc-
tion with the canister data in a ratio-based approach (eq 1).

Fo ¥a8C, 7 FP=Co¥M =M, M

where F. is the emission estimate of canister compound
(g/sec); C. is the measured concentration of canister compound
(ppb); F, is PSG the emission rate estimate for CH, (g/sec); C,
is CH,4 concentration in canister above background (ppb); M; is
the molecular weight of canister compound (g/mol); and M, is
the molecular weight of CH,4 (g/mol).

The acceptance criteria for the canister-based emission esti-
mates include the criteria described for the CH, measurement
(Brantley et al., 2014) with the additional criterion that
canister-derived CH,4 concentrations exceed 100 ppb above
the background value determined by the PSG calculation to
ensure robust plume sampling. No background correction was
applied to the nonmethane compounds, leading to a slight
positive bias in results. As with the on-site measurements, the
compound set for the OTM 33A VOC emission assessiments
includes all C3+ species present above detection limit in the
canister analysis (EPA, 1998; ASTM, 2010). Propane concen-
trations determined using the ASTM method were utilized in
the analysis because of the increased accuracy over the GC-
FID method (EPA, 1998). The term VOC used herein does not
include CH, or C,Hg (ethane) species.

The HAPs quantified using GC-FID as described in EPA/
600-R-98/161 (EPA, 1998) include benzene, toluene, ethylben-
zene, mxylene, o-xylene, and p-xylene (BTEX) as well as n-
hexane and 2,2 4-trimethylpentane. Pring (2012) used the data
collected by Hendler et al. (2006) to develop BTEX emission
factors for condensate tanks in Texas. BTEX emissions mea-
sured in both the on-site and OTM 33A measurements were
compared with the emissions measured by Hendler et al.
(2006) and used by Pring (2012) as well as those measured
by ERG for the City of Fort Worth (2011).

Study results were compared by summing individual emis-
sion point measurements from the on-site studies by pad to
represent total emissions from the well pad and then using
geometric means because both HAP and VOC emissions
were log normally distributed. Henceforth, mean will refer to
geometric mean uniess otherwise specified. The mean and 95%
confidence intervals (Cls) of the log-transformed data were
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calculated using a nonparametric bootstrap (Wickham, 2009;
Harrell and Dupont, 2007) and then transformed back into the
original scale. The nonparametric bootstrap involved resam-
pling with replacement 1000 times, the mean of each of the
samples was taken and the 95% Cls were calculated from the
resulting normally distributed means. The nonparametric boot-
strap was chosen because it does not assume the underlying
data comes from a normal distribution.

information on condensate production was provided by the
owners for 19 of the sites measured in the EPA on-site study. In
addition, 14 of these sites had operator-provided high-pressure
liquid sample analyses. For these sites, the E&P TANKS soft-
ware version 2.0 (American Petroleum Institute, Washington,
DC) was used to calculate the condensate tank potential to emit
(PTE) under a variety of temperature and pressure conditions.
The model inputs include the chemical composition of a liquid
or gas sample, the American Petroleum Institute (API) gravity
of the sales oil, ambient temperature and pressure, solar insola-
tion, estimated annual production rate, and separator pressure
and temperature. The model outputs include predicted uncon-
trolled emissions (PTE) of HAPs and of VOCs. Recent sam-
ples were collected at seven of the sites for extended natural
gas liquid analysis, whereas analytical results from samples
taken in 2009 or 2010 were available at the other seven sites.
A range of ambient temperatures and pressures was used in the
model representing the recorded ambient conditions when the
emission measurements were made: 73.3 to 101 °F and 12.14
to 12.57 psia. The site operators provided separator pressures
and temperatures, and condensate production rates.

Results and Discussion
Comparison of canister and HVS samples

In the EPA on-site study, a total of 106 emission points were
observed with OGI and measured with the HVS and 33 evac-
uated canister samples were acquired and analyzed to establish
the composition of the emitted vapor streams (Supplemental
Material) and to compare with the HVS combustible concen-
tration (% hydrocarbon [HC]) determination. In the DJ Basin,
condensate tanks with six tons of emissions per year or greater
are now required to be controlled to 95% either through flaring
or vapor recovery pollution control practices (CDPHE, 2014).

Brantley et al. / Journal of the Air & Waste Management Association 65 (2015) 1072-1082

Emissions in excess of this rate can be referred to as fugitives
or leaks. Thief hatches were one of the most frequently
observed leak locations on condensate tanks, indicating that
the systems may not have been optimally controlled. As in
most locations, emissions from produced water storage tanks
were uncontrolled (vented) at the time of the study. The canis-
ter samples were divided into five categories based on the
location of the emission (Table 2). Condensate tank working
and breathing emissions were separated from fiash emissions
initially, but because the compositions were not substantially
different, the categories were combined. The sampling protocol
called for a canister sample to be acquired at the highest
emission point on the pad, which was condensate tank-related
in most cases (n = 27). The compositions of the condensate
tank leaks were fairly consistent, with an arithmetic mean
molecular weight of 41.9 g/mol (Table 2). The emissions
with the largest fraction of carbon in the form of CH, were
collected from a dehydrator, whereas the emissions with the
greatest fraction of carbon in the form of VOCs and HAPs
were acquired from a produced water tank.

The HVS used in this study is designed for downstream
natural gas leak measurements and has not been thoroughly
evaluated for use in upstream well pad applications with mixed
VOC and CH,4 emission streams. The HVS calculates emission
rate by multiplying instrument flow rate by the sensor-deter-
mined combustible concentration (% HC, calibrated as CH,).
The HVS determinations of % HC in the emissions were
compared with the concentrations measured in the canister
samples for the EPA on-site study. For emissions with <10%
HC, the HVS and canister measurements were correlated with
a slope of 1.1 and a coefficient of determination (R?) of 0.87
(Figure 1b). However, for canister samples with summed HC
concentrations >10%, the HVS sensor underreported % HC
(Figure 1a). In these cases, the HVS pellistor sensor or the
control system is believed to have malfunctioned by failing to
switch from catalytic oxidation (low range) to thermal conduc-
tivity mode (high range), causing significant underestimation of
combustible concentration and therefore emission rate (Modrak
et al., 2012). The results shown here differ slightly from those
in Modrak et al. (2012) due to the correction of some data
transcription errors. The changes did not affect the interpreta-
tion or implication of the results. This malfunction was
detected only during large emissions from condensate tank
thief hatches (VOC-rich stream) and may be partly due to an

Table2. Arithmetic means, minimums, and maximums of molecular weight and percent of carbon in emissions in the form of CH,, VOCs, and HAPs from on-site

canister samples by location

% Carbon as CHy % Carbon as VOC % Carbon as HAP Molecular Weight
Location of emission N Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Condensate tank 27 9.8 28 275 760 549 892 47 1.1 95 419 295 545
Dehydrator 1 644 644 644 158 158 158 0.3 0.3 03 197 197 197
Produced water tank 1 3.2 3.2 32 918 918 918 185 185 185 657 657 657
Separator/control valve 3 31.1 87 551 517 258 750 3.8 1.2 52 307 216 409
Well head 1 510 510 510 277 217 277 0.0 0.0 00 221 221 221
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Figure 1. Comparison of HVS measurements and canister measurements. The solid black line represents y = x. Circles represent measurements of tank emissions,

whereas triangles represent nontank emissions.

undetected range limitation of the instrument caused in part by
limited airflow around the emission point (Supplemental
Material, Figure S3). The four highest % HC measurements
were acquired during condensate tank flashing, with the next
four highest canister measurements exhibiting evidence of lar-
ger than typical breathing emissions (Supplemental Material).
Further observations of this type of HVS malfunction resulting
from the failure of the sensor to transition are described in
Howard et al. (2015).

In the EPA on-site study at six of the sites, two canister
samples of a condensate tank emission point were collected. At
four of the sites, one sample represented a flashing emission
whereas the other represented breathing emissions (Table 3).
While being observed, the condensate tank measured at site E
flashed 10 times within 20 min, indicating that although the
measurements were not recorded as occurring during a flashing
event, they likely represent more than breathing emissions.
Flash emissions were always higher than breathing emissions,
with VOC emissions increasing by 0.1-2 g/sec (Table 3).
Because of the lack of reliability in the HVS % HC

Table 3. Repeat measurements of condensate tank emissions

measurements at elevated ranges, we were unable to obtain
complete information on the duration of the flash emissions,
although they were on the order of 30 sec to a couple minutes
for the primary event. The temporal variability in emissions
illustrates the need for cost-effective efficient measurement
strategies for identifying significant leaks of an intermittent
nature.

Comparison of condensate canister measurements
with modeled emissions

Condensate tank VOC and HAP emissions from the EPA
on-site study were modeled using APl E&P TANKS and
compared with measurements (Figure 2). The modeled PTE
values represent the combined flashing, working, and breathing
emissions expressed as an average sustained emission rate in
(g/sec). For each point, the error bars represent the maximum
and minimum modeled values resulting from the range of
ambient temperatures and pressures observed during the study
with annual average insolation. The upper dashed line

Condensate Production

Flow Rate  VOC CH4 HAP

Site (bbl/day) Flash Emission HC % Canister HC % HVS (scfm) (g/sec) (g/sec)  (gfsec)
\Y 18 No 1.22 1.71 54 0.02 001 <0.01
Y 18 Yes 33.64 279 7.0 1.59 0.20 0.10
F 19 No 1.35 1.53 55 0.05 <0.01  <0.01
F 19 No 0.52 1.53 55 0.02 <0.01  <0.01
Q 27 No 224 2.38 54 0.09 <0.01 0.01
Q 27 Yes 5.06 2.38 54 0.20 0.01 0.01
U 27 No 20.51 55 6.8 0.66 0.15 0.01
U 27 Yes 38.64 1.88 7.0 1.50 0.23 0.02
E 29 No 28.15 4.94 4.8 0.83 0.10 0.05
E 29 No 20.87 4.71 47 0.55 0.08 0.03
P 42 No 6.62 3.9 6.0 0.27 0.01 0.01
P 42 Yes 52.44 1.67 6.0 232 0.09 0.07
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Figure 2. Comparison of VOC and HAP measurements with potential to emit values calculated using E&P TANKS version 2.0 (API Publication 4697) with a
range of ambient temperatures (73.3-101 °F) and pressures (12.14-12.57 psia). Dashed lines represent y = x and y = 0.05x.

represents an ordinate-to-the-abscissa 1:1 value, whereas the
lower dashed line is 5% of this slope, representing a 95%
emission control value. As expected, two of the measurements
made during flashing events were larger than the range of
modeled VOC emissions. Flashing events are typically short-
lived and cannot be extrapolated to yearly estimates without
knowledge of their duration and frequency. Seven of the sam-
ples were completely below the 5% line for VOCs PTE and
below the 5% line for the upper estimates of HAPs PTE,
indicating that the sustained tank breathing emissions during
near peak emissions conditions (daytime, summer) appear to be
effectively controlled. Six of the measured emissions represent
levels greater than 5% of the modeled potential to emit values
for both VOCs and HAPSs, but this does not take into account
diurnal or seasonal effects which should reduce breathing
emissions during colder times of the year. Two of these sam-
ples were taken at site E and may likely represent more than
breathing emissions due to the high frequency of separator
dumps at the time of measurement. Remote inspection techni-
ques such as OTM 33A could be used to identify cases where
emissions are not being effectively controlled.

V()E: emission rate persite {g/s)

Comparison of on-site and remote methods

To determine total well pad VOC and HAP emissions for
the EPA on-site study, the HVS measurements without canister
samples were assigned the arithmetic mean molecular weight
(MW), percent VOC, and percent HAP concentrations by
location category (Table 2). Measurements of documented
flash emissions in the EPA on-site study were not included in
the site totals, because the duration and frequency were
unknown. Al of the emissions measured with the HVS were
then summed by site and compared with measurements from
the EPA OTM 33A study as well as previously published
studies. A total of 133 canister samples out of 201 collected
remotely using OTM 33A met data quality criteria and were
spatially matched with active well pads (Brantley et al., 2014).

The geometric means and corresponding 95% Cls of the on-
site measurements of VOC emissions rates by Hendler et al.
(2006), Gidney et al. (2009), and ENVIRON (2010) ranged
from 0.32 (0.16, 0.62) g/sec to 2.94 (0.94, 9.85) g/sec
(Figure 3). The lowest mean emission rate of these three
studies that utilized GPA method 2286-95 (1999) was observed

W

we Rk

ﬁ ﬁ% ﬁ ?ﬁy‘o @&; &@ i : M@; ég#;
s 7 Ry

Figure 3. Comparison of VOC study results. Boxes represent the 1st and 3rd quartiles of the data, whereas whiskers extend to the largest measurement that is
within 1.5 times the interquartile range. Geometric means are labeled and are shown in black along with 95% Cls and were calculated using a nonparametric

bootstrap.
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by Hendler et al. (2006) at pads in the Bamett Shale, which
also reported the lowest average condensate production rates
for the set (6.5 bbl/day). The highest mean VOC emission rates
were observed by Gidney et al. (2009) at sites in the Permian
Basin with the largest average condensate production rates
(510 bbl/day). However, mean VOC emissions measured by
Gidney et al. (2009) in the Anadarko Basin, 0.69 (0.22, 3.11)
g/sec, were lower than those in the Barnett, 1.10 (0.70, 1.75) ¢/
sec, despite the higher condensate production level, 72 and 22
bbl/day, respectively. This difference may be due to differences
in condensate composition and engineering factors. The basin-
level VOC emission factors used in the 2011 EPA National
Emissions Inventory (EPA, 2011) were 3.15, 7.07, 9.76, 11,
13.7, and 19.6 Ibs VOC/bbl of condensate in the Anadarko,
Permian, Fort Worth (Barnett), Western Gulf, DJ, and Pinedale
basins, respectively. This general correlation of emissions with
emission factor and production rate is to be expected, since the
studies used the single-vent 24-hr measurement approach,
where all flash and other emissions are represented.

In comparison, the ERG on-site study (2011) using instan-
taneous HVS measurement in the Eastern Barnett has the low-
est mean well pad VOC emission rate by a large margin <0.01
(0.00, 0.00) gfsec (Figure 3). This result is in part due to
extremely low condensate production at the sites measured,
but also contributing to these low values is the choice of
compounds (e.g., no propane) quantified in the canister sample
analysis for VOC determination and short-term nature of the
measurement. None of the ERG (2011) sites with VOC emis-
sions greater than 0.1 g/sec measured with a canister sample
reported condensate production, although production rates
were unavailable for 3 of the 11 sites and all of the measure-
ments were taken at either tank vents or thief hatches. The
HVS measurements may also have missed flashing events on
the pad because of the short-term nature of the measurements.

At 0.19 (0.09, 0.36) g VOC/sec mean, the EPA on-site study
was significantly higher than the ERG results (2011) and signifi-
cantly lower than the results of Hendler et al. (2006) in the
Western Gulf, 1.95 (0.73, 5.23) g VOC/sec, and Gidney (2009)

in the Barnett Shale, 1.10 (0.70, 1.75) g VOC/sec, and Permian
Basin, 2.94 (0.97, 10.38) g VOC/sec. Several competing factors
complicate the comparison of VOC emissions measured in the
EPA on-site study with the emissions measured in the other on-
site studies, including differences in production levels, the pre-
sence of controls, basin emission factors, and measurement tech-
niques. If the VOC emissions in the EPA on-site study were
uncontrolled and routed through a single emission point, we
would expect them to be higher than the emissions in the other
basins due to the higher National Emissions Inventory (NEI)
emission factor. However, because the EPA on-site measure-
ments were component-level real-time measurements of con-
trolled systems, we would expect them to be lower than the
Hendler (2006), Gidney (2009), and Environ (2010) studies.

The OTM 33A method is most applicable as an inspection
technique because of its higher leak detection threshold, and
ability to detect CH,; plumes from off-site (Brantley et al.,
2014; EPA, 2014). As a result, the emission rates measured
by OTM 33A tend to represent the upper end of the emissions
distribution. Furthermore, the OTM 33A measurements do not
include background value corrections and thus may exhibit a
slight positive bias.

The mean emission rate measured using OTM 33A in the
DJ Basin, 0.12 (0.06, 0.20) g VOC/sec, was not significantly
different from the EPA on-site mean, 0.19 (0.09, 0.36) g VOC/
sec, despite the lower average condensate production: 6.7 and
34.5 bbl/day, respectively. Calculating the potentially emitted
VOCs using the NEI emission factor of 13.7 Ibs VOC/bbl of
condensate, pads that produced 34.5 and 6.7 bbl/day and con-
sistently emitted 5% of their VOC PTE would result in con-
stant emission rates of 0.12 and 0.02 g/sec, respectively. OTM
33A measurementsin the DJ Basin generally focused on smaller
pads, many of which had OGI-observedthief hatch seal leaks,and
in some cases malfunctions(open thief hatchesand failed pressure
relief valves) so were nonoptimally controlled. The nominal 20-
min OTM 33A measurements may have also included flash
emissions events. All measurements in the Barnett Shale both
by ERG and using OTM 33A were acquired primarily on lower
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condensate producingsites, with VOC emissions measured using
OTM 33A found to be significantly higher, in part due to the
differences in canister sample analysis methods between the
studies. As was seen in the analysis of the CH, OTM 33A
measurements (Brantley et al., 2014), emissions located and
measured using OTM 33A are not readily explained by
production.

Trends in HAP emissions (Figure 4) were similar to the VOC
emission trends. In both the on-siteand OTM 33A EPA studies,
the measured HAP emissions were significantly greater than
those reported by ERG (2011) but not significantly different
from the uncontrolled emission measurements reported by
Hendler (2006) and Pring (2012). HAP emissions measured
using OTM 33A in Pinedale, 0.015 (0.007, 0.022) g BTEX/
sec, were significantly higher than those measured in the DJ
Basin, 0.002 (0.001, 0.004) g BTEX/sec, and the Barnett, 0.001
(0.000, 0.002) g BTEX/sec. The differences in mean basin HAP
emissions measured using OTM 33A are more pronounced than
the differences in mean VOC emissions, which is in part due to
a higher number of nondetects in the measurements from the DJ
Basin and Barnett Shale. Other contributing factors may include
differences in condensate composition, produced water produc-
tion levels, and handling procedures in the different regions.
Produced water ponds have been found to be significant sources
of HAPs (Thoma, 2009), and the canister sample with the high-
est percentage of carbon in the form of HAPs in the EPA on-site
study was collected at a produced water tank (Teble 2).

Summary

Responsible oil and natural gas development requires an
improved understanding of air emissions from production
operations. Although a significant amount of research has
recently been conducted to investigate CH, emissions
(Allen et al., 2013; Brantley et al., 2014; Brandt et al,,
2014), VOC and HAP emissions from upstream production
operations are also important due to their potential impact on
regional ozone levels and proximate populations. This study
provides important information on the sources and variability
of VOC and HAP emissions from production pads as well as
a comparison between different measurement techniques and
laboratory analysis protocols. Our finding that the HVS can
malfunction and underestimate emissions suggests that the
instrument may not be suitable for general use in upstream
applications, measuring tank emissions in particular, without
canister measurement normalization. The similarity between
the concentrations measured on-site and those measured
remotely suggests that OTM 33A can be used effectively as
an inspection technique for identifying oil and gas well pads
with large fugitive emissions. The EPA on-site and OTM
33A studies in the DJ Basin conducted under peak summer-
time conditions, in the 2010-2011 time frame, indicate that
significant VOC emissions from controlled systems can
occur and are often a result of thief hatch leaks. Due to
recent changes in state regulations, the current field condi-
tions may differ from those presented here.
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